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Abstract
Platform-based product families have been an effective way for companies to offer
increased variety into markets, while containing the resulting complexity of developing
large numbers of products. A product platform is the set of resources - components,
processes, technologies, and knowledge - that are shared across multiple products offered
by a firm. The products derived from that common platform are called the variants, and
the set of variants forms a product family.
This thesis presents a theoretical basis for modeling the design of platform-based product
families, as well as practical implementations based on those models. The problem is
formulated as an optimization, where the requirements of the desired variants must be
balanced against family objectives, such as maximizing the value of developing the
family. A general case is formulated that covers the effects of using a platform-based
design on the benefits and investments required to produce the desired family. The
problem is then simplified into a two-step optimization approach to apply it to actual
design situations for complex products. The first stage considers the technical details of
creating feasible product families that satisfy the variants' requirements while optimizing
the expected value to the firm. The second stage evaluates the design alternatives
generated by the first step, considering the effects of uncertainty during the actual
development of the family on its value to the firm. This evaluation is then used to select
the most appropriate choice of family design.
A case study of the design of multiple NASA exploratory space missions based on
alternative telecommunications technology platforms is shown. Applying the approach
resulted in several alternative family designs, some of which had not been previously
considered viable. The resulting candidate designs were evaluated through the use of
decision analysis models developed in this thesis, which calculate the value to the firm of
each design. Simulation was then used to evaluate the value of each alternative and its
flexibility to changes in uncertain factors during the development process. As a
reference, a Pugh-type selection method (a qualitative, multi-criteria approach) was also
explored and applied to the example of platform-based spacecraft design.
Thesis Committee: Prof. Kevin N. Otto, Chairman
Prof. Warren Seering
Prof. John R. Hauser
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Nomenclature
Value to the firm of a product family design
Outcomes from product i
Weight of outcome of product i on criteria j
Vector of constraints for product i
Original investment to create the platform
Investments into product i
Budget for the product family
Uncertain factors during the development of the product family
Number of desired products in the family
Discount for sharing a common platform
Total probability of offering product i
Design variables for product i
Design variables describing the platform
Design variables describing individual portion of variant i
Performance vector for variant i
Requirements for performance of product i
Probability of developing a successful platform
Probability of platform capabilities supporting the requirements
of variant i
Probability of success of variant i
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1. Introduction
In increasingly competitive environments, companies find a need to offer a larger variety
of products while at the same time having to do so under ever more limited resources.
Product strategies such as mass customization promote higher variety of offerings to
increase customer satisfaction and therefore also revenues. On the other hand, higher
customization increases the complexity of the products that need to be offered.
One of the ways in which companies try to resolve this conflict between the complexity
and variety of offerings is to explore reuse strategies. Designs may be reused,
manufacturing processes can be standardized, components can be shared by multiple
products, and so on. However, the full effects of reuse are not simple to quantify.
Excessive commonality will be seen by the consumer as a lack of variety, while lack of
commonality will consume too many resources for little market advantage.
A popular strategy for reuse is the design of multiple products as a family, that is, with
some sharing of components, processes, technologies, and/or knowledge. Within a
product family, the set of common elements, interfaces, and/or processes is generally
called the product platform, while the individual product instances derived from the
platform are called the variants. There are many examples in the product design and
management literature of the advantages of using platform designs. Sony has used three
platforms to support hundreds of different personal portable stereo products in its
WalkmanTM line (Sanderson and Uzumeri, 1995). Ford drastically reduced the cost of
producing V-8 engines by switching from one-at-a-time designs to a platform-based
family of engines (Sanderson, 1991). Automotive companies commonly base multiple
offerings on common modular platforms (Bremner, 1999a). Black & Decker built a line
of products around a scalable motor platform (Meyer and Lehnerd, 1997), and more
recently around a battery pack. Platforms exist even in highly complex products, such as
Boeing's commercial airplane lines, or Hughes' satellite offerings. A few of these
examples of platform-based products are pictured in Figure 1.1, and more examples will
be discussed throughout this thesis.
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Figure 1.1 - Platform-based product families from Volkswagen and Black & Decker
1.1.1. Product Architecture
A useful concept for understanding the implications of complexity and variety in product
design is that of product architecture. Product architecture relates to a product's
structure and functions: how a product is partitioned and how the resulting pieces are
related and interconnected. The way a product is broken up into subsystems or chunks
has implications for all phases of its lifecycle, from conceptual design to disposal and
recycling. For example, breaking up a product into smaller subsystems can make
designing each individual part an easier task, but interfacing more pieces into a system
becomes increasingly harder. Similarly, if a function of the product is distributed among
several pieces, it may be more difficult to implement than if it were accomplished by a
single subsystem.
Product architecture is defined by the relationship between a product's functions and its
components. Integral product architecture is commonly defined as one where multiple
product functions are accomplished by one physical element or chunk. Modular product
architecture is one that exhibits a one-to-one relationship between each of the functions
and each of the physical components or modules (Ulrich, 1995).
The main advantage of integral product architecture is that the global product function
can (in general) be better optimized as compared to a modular design. This is due to the
elimination of interfaces, and the integration of multiple functions into fewer parts, which
can result in more efficient use of space and materials. On the other hand, modular
products are easier to change than integral ones, since only those modules that require
change have to be modified, instead of the whole product. This has implications for the
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amount of variety that can be offered with limited resources, as well as for the costs of
design, repair, assembly, and disposal. A full discussion of the pros and cons for
different product architectures can be found in Ulrich (1995).
Product architecture is a useful concept for analyzing the design of a single product and
the impact of those design choices on product change, variety, and commonality.
However, it does not fully address the issue of how variety will be offered by the multiple
products offered by a firm. For example, suppose a product is modular and the company
decides to offer multiple versions. This could be achieved by having multiple instances
of a module that is swapped to create the different offerings, or by having an adjustable
module with different settings to produce the desired variants. In order to explain how
variety and commonality are handled across multiple offerings by a firm, it is necessary
to define the concept of product portfolio architecture.
1.1.2. Product Portfolio Architecture.
Just as product architecture relates a product's functions to its components, portfolio
architecture describes how a set of products shares (or does not share) subsystems or
components in order to offer a desired level of variety. Three main types of portfolio
architecture were identified by Yu et al.(1999): fixed, platform, and adjustable. Fixed
portfolio architecture indicates that the products do not share components in order to
offer variety to the market; each offering is unique and fixed over time. Adjustable
portfolio architecture implies that variety is achieved by giving the user flexibility to
tailor the products during use. Finally, platform portfolio architecture indicates that the
products in the portfolio share common components, (or the platform), and offer variety
through either combinations of common modules or through differences in the design of
the unique portions of each offering.
In sum, variety can be offered through several different product design schemes. This
thesis concentrates on platform portfolio architectures as a way to offer multiple products
into a market. Although this is not the only way to offer variety, it is increasingly used in
diverse industries, from consumer products such as automobiles and electronics to very
complex products such as airplanes and satellites.
1.2. One-at-a-time vs. Multiple Product Design
The main difference between planning the design of a set of products one-at-a-time and
planning multiple products as a family is that designers must consider the effects of
commonality. Customer-demanded variety drives designs towards individuality, while
development and production complexity drives them towards commonality. What
should be made common versus what should be done individually for each offering?
Several factors make this question a difficult one to answer. First, with growing
complexity of products, the number of combinations of what components could be
common grows exponentially. Coupled with the fact that it takes significant resources to
explore each design option for complex products, this makes an exhaustive search very
difficult. Second, firms develop families of products over long periods of time. A
platform may be useful for years to decades. During that time, many things will change:
technologies will advance or become outdated, market preferences will shift, competition
will vary, etc. Then the decisions that are made at the beginning stages of a product
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family design will have a large impact on the benefits the company will realize from the
chosen designs. A good family design will be flexible to those changes and still provide
a large benefit to the company.
The main goal of this thesis is to provide a theoretical basis for methods and quantitative
models to help designers make decisions about what should be shared across a family of
products. The product of the thesis is a set of models to be used during the conceptual
design stage of a platform-based product family. These models allow for the exploration
of different technical designs and for the evaluation of their flexibility to uncertain
development factors, such as the introduction of new technologies or changes in the
market.
1.3. Product Platforms
The definition of product platform used in this thesis is adapted from the one used by
Meyer and Lehnerd (1997):
A product platform is the set of parts, subsystems, interfaces, and
manufacturing processes that are shared among a set of products, and
allow the development of derivative products with cost and time savings.
Here, this definition is expanded to include all aspects of a product's life cycle such as
operational processes and recycling. For example, in the case of space missions, which
will be used as the main examples throughout this thesis, the operations phase of an
interplanetary spacecraft generally represents a large portion of the lifecycle costs of the
product. Savings from common operating procedures are then an attractive design
alternative. Finally, this definition is also expanded to include anything shared among
the products in a family with the purpose not only of reducing necessary resources (as in
the above definition) but also of increasing returns. Both the impact on costs and on
revenues need to be considered when designing the product platform, since an increase in
variety may produce a large benefit to the firm, even if its costs are higher than a smaller
product family offering.
1.3.1. Advantages and Disadvantages of Platforms
The main drive for creating platform-based families as opposed to individually designing
each product is to reduce development, manufacturing, and operating costs through reuse
and economies of scale. An additional incentive for their use is to reduce the level of risk
during development and operation of the product through the reuse of proven
components. This is especially significant for high-risk products such as spacecraft.
However, it can be shown that what must be sacrificed to obtain those goals is some
performance of the individual products that are created. In order to obtain a better global
solution for the family as a whole, the individual performance of some of the variants
may be compromised. A second concern for designers to consider is the question of
flexibility: a flexible platform will satisfy changes in requirements and still be
economically feasible, but may cost more money initially than an inflexible alternative. A
firm needs to create not only feasible product families, but also designs that are robust to
changes over the long-term development of the family.
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Despite the difficulty added by having to consider multiple products simultaneously
during the design of a product family, the impact of platforms in some industries has been
enormous. Volkswagen reports saving $1.7 billion annually in development and
production costs from the use of platforms in its automobile lines; Fiat claims to save 30
to 50% on development costs and 25% on tooling costs (Bremner, 1999b). Such
improvements from platform-based designs justify the need for better methods to
facilitate their design.
1.3.2. Integral and Modular Platforms
Even within a platform-based design strategy, there are different ways to create a product
family. The first case treated in this thesis is an integral platform. This is a single,
monolithic part of the product that is shared by all the products in the family. Although
this seems to be a restrictive type of platform, real examples exist, such as the
telecommunications ground network for interplanetary spacecraft shown in Chapter 4.
The term integral is used here since the single common platform is an integral part of
each variant; it cannot be replaced by a different piece or module.
A more general case of platforms, however, is a modular platform. In this case the
product is divided into modules that can be swapped by others of different size or
functionality to create variants. For example, there is not just a single launch platform for
interplanetary spacecraft; instead, these missions use one of a few possible instances of
rockets (e.g. Delta II, Delta III, Atlas II, Space Shuttle, etc.). Within a modular platform,
the platform is the set of modules that is reused across the product family. Companies
usually have a set of modules already designed for previous products that could be
reused, as well as the resources to design new versions of the same modules or modules
with new functionality. In addition, there exists the possibility of purchasing modules
from existing catalogs, or even outsourcing the design of new ones.
1.3.3. Platforms in Spacecraft Design
Private industries producing commercial and industrial products have been under
constant pressure to become more cost efficient from competitive and market forces and
have adopted platforms as a mean to minimize development costs and risks while
offering more variety. Similarly, the space exploration industry has been forced to do
more with fewer resources, as exemplified by the NASA New Millennium Program
charge to build "smaller, faster, and cheaper" missions for the beginning of the new
century (NASA, 1998). Missions have been generally developed individually as custom-
made systems, largely due to the significant differences in the requirements for each
product. Different destinations for missions create very different operating environments.
In addition, space missions also are vehicles for testing new technologies, which forces
changes in the designs of the spacecraft. Some efforts have been made to re-use spare
parts left over from previous missions, but this has not always been successful. For
example, the failure of the Mars Observer mission has been attributed to the reuse of
parts from previous spacecraft without fully taking into account the different mission
conditions that would be encountered by the future Mars Observer spacecraft. A smart
strategy is therefore needed to plan for commonality in multiple missions, taking into
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(a) Integral platform example: ground telecommunications infrastructure.
(b) Modular platform example: launch vehicles
(c) Future platform-based product family: micro-spacecraft
Figure 1.2 - Spacecraft platform examples.
account the performance needs of all the related missions, especially when high
reliability is required.
On the other hand, current spacecraft systems do reuse certain parts of their designs that
simply cannot be produced individually. For example, launch vehicles such as those
shown in Figure 1.2 are not designed for individual missions. Instead, spacecraft vehicles
are fit to existing launchers and their capabilities. Development costs and reliability
concerns force their reuse. Similarly, the infrastructure for telecommunications between
the spacecraft and ground (also pictured in Figure 1.2) is always shared.
In the spacecraft design field, the current trend is towards smaller missions, faster
development, and smaller budgets. The number of missions being flown is also
increasing, and could be much larger in the coming decades with the introduction of
micro-spacecraft, much smaller missions with simpler objectives, but built and flown in
large numbers. The increased number of missions pushes the designs towards more reuse
and commonality, and therefore the need for platform-based designs.
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However, the overriding concern for designers when they consider the idea of platform-
based design is the following: "How do I know that when requirements for my project
change in the future I will not be stuck with a platform that cannot accommodate them?"
This is a question of flexibility - a flexible platform will satisfy those changes in
performance and still be economically feasible. A method is needed to create not only
feasible product families, but also designs that are robust to changes over the
development of the family.
The design of interplanetary missions presents other difficulties besides widely varying
requirements from product to product as compared to consumer or industrial product
design. For instance, it is more difficult to quantify the value provided by a given
instrument as compared to a product sold on an open market. A marketing team can
estimate the market value of added features in a consumer product based on previous or
competing models or customer surveys. However, what is the added value of additional
science data as compared to an estimated extra cost? The value of these data is hard to
quantify, since it is not sold. Also, these scientific accomplishments have other value in
the form of national pride, educational value, etc. In addition, very few interplanetary
spacecraft components are produced per year, and very few multiple copies of a given
mission, if any, are made, as compared to tens, hundreds, or many more for other types of
products. Finally, consecutive missions are often separated by several years during
which technologies for all subsystems in a spacecraft are advanced, sometimes in a
revolutionary fashion, causing costs to drop substantially while performance increases.
All these factors make the task of deciding on a common spacecraft platform a difficult
one.
1.3.4. State of the Art in Platform Design and Goal of this Thesis
Most companies use ad hoc approaches towards designing commonality into product
families. Often, platforms are not planned as such, but rather market opportunities appear
and new offerings can be built as "derivatives" of the original, which then becomes the de
facto platform. Another common problem is that families of multiple products are
planned, but often the platform is so tailored to the first product to be launched, that by
the time a subsequent variant is developed it cannot reuse the platform without extensive
changes. Few quantitative methods exist to help designers decide what should be the
platform and what should be the variants, and those models that exist are restricted to
special types of product families.
The goal of this thesis is to lay the theoretical basis for quantitative models that will help
designers make decisions about what should be the platform for a family of products and
what should be designed individually for each variant. The resulting family designs
should meet all the technical requirements of the desired variants, while providing
maximum possible benefit to the firm from sharing a common platform. The benefits of
sharing would come from either increasing the returns from offering greater variety or by
reducing the costs of complexity.
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1.4. Guide to the thesis
Chapter 2 of this thesis covers existing approaches for managing the development of
platform-based products. It also describes the few models that exist for helping designers
make the decisions about what to make common in a family design, as well as their
applicability and how they relate to this thesis.
Chapter 3 presents the theoretical basis for the models in the thesis in general form. The
problem of designing a platform-based product family is presented as a general
optimization problem. This formulation is then simplified into a two-step process to be
able to develop practical implementations for complex product design. The first step
involves the technical design of platform and variants. The second step evaluates those
technical designs and selects the most appropriate for the firm.
Chapter 4 expands the first step of the problem formulation to integral platform design.
The problem is also made specific for an example of multiple spacecraft design, and an
example of the resulting implementation approach is shown.
Chapter 5 also covers the technical design step of the overall approach shown in Chapter
3, but applies it to the design of modular platforms. Again, an example of spacecraft
design illustrates the method and implementation.
Chapter 6 introduces methods for modeling uncertainty during the development of a
platform-based family. These models are used to evaluate the value of different
alternative technical designs (found with the models shown in Chapters 4 and 5) and to
select those best for the firm.
Finally, Chapter 7 summarizes the results of applying the methods developed in this
thesis.
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2. Background
The purpose of this chapter is to show related work in the field of platform-based product
family design and how it relates to the models covered in this thesis. The first section
covers existing methodologies to manage the use of product platforms. This involves, for
example, planning product families, determining the right product and portfolio
architecture, identifying when platforms should be renewed, etc. These works also
provide examples of successful use of product platforms in diverse industries. The
second section focuses on quantitative models to be used when deigning platform-based
products. These models are similar in purpose to the ones presented in this thesis. The
difference among the models and their applicability is discussed.
2.1. Management of Platforms and Families
Many papers from the management and design literature point out the various advantages
as well as disadvantages of designing products based on platforms. Others have shown
several approaches to the management of platforms and variety - how to plan for
commonality and how to execute that plan.
Meyer and Lehnerd (1997) provide a basic definition for a product platform and point out
the major advantages and disadvantages of using platforms to create multiple products.
They also provide several examples of successful platforms from both hardware and
software developers. Finally, they provide methods for charting the evolution of
platforms and derivatives that assist in the planning product families. Meyer et al.
(1997) also introduce metrics of platform efficiency and effectiveness to direct research
and development efforts when platforms are used as the basis for a company's products.
Pedersen (1999) discusses not only pros and cons of platform-based design in general,
but also organizational barriers and implementation difficulties to that kind of design
approach.
Sanderson and Uzumeri (1995) show potential effect of using a platform strategy on the
amount of product variety that a company can offer through an example of the Sony
Walkman families of personal music players. They report that Sony was able to quickly
launch hundreds of varieties of players based on three basic platform designs and
dominate the market. A third example of the importance of product platforms for a
different industry can be found in (Bremner, 1999a) and (1999b). These articles show
the wide use of platforms in the automotive industry, and point out that companies such
as Volkswagen (VW) claim to save more than a billion dollars annually through this
product strategy. Another interesting fact is that VW has been able to derive at least six
very different vehicles from their Golf platform. VW claims that just two factors (seating
height and suspension, besides the obvious body work differences) can create these
different variants in the customers' view, even though the platforms for all the vehicles is
the same. Being able to identify these factors that allow one to maximize variety as seen
by the customer and minimize complexity for the producer is the key to successful
platform-based design.
Jandourek (1996) discusses different design approaches for software design, from one-at-
a-time design to platform-based design. The advantages, disadvantages, and difficulties
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of platform development are very similar to those reported by literature focusing on
hardware products.
Robertson and Ulrich (1998) present a methodology for identifying the right amount of
variety and complexity for a portfolio of products. They propose a method to manage
platforms by establishing a product plan, then identifying differentiating attributes for the
desired products, quantifying and planning commonality, and finally iterating through the
process to find a right balance of variety and commonality. Wheelwright and Clark
(1992) also looked at how companies should structure their R&D efforts to streamline the
development of their product offerings. They found that in general, companies tend to
have many more concurrent R&D efforts than they should. They suggest concentrating
those efforts into five basic categories of projects: basic research, alliances and
partnerships, breakthrough projects, platform development, and derivatives (or variants)
development.
Many researchers have created indices for quantifying commonality and variety in an
effort to provide firms with metrics to benchmark and revise their product family design
or manufacturing efforts, in a similar fashion as DFMA (design-for-manufacturing-and-
assembly) tools quantify the manufacturability of single product designs. Martin and
Ishii (1997) created several indices to measure the costs of providing variety: a
commonality index (CI), a differentiation index (DI), and a setup index (SI). Kota and
Sethuraman (1998) devised a Product Line Commonality Index (PCI) as a metric of the
differences between multiple product strategies. The PCI index quantifies differences in
component commonality such as geometric features and materials, manufacturing
processes and assembly steps. These indices are helpful in that they quantify the costs of
providing variety, but they ignore the benefits that arise from offering products that better
match the customers' needs.
The Strategic House of Quality, an extension to Quality Function Deployment (QFD) has
been proposed by Cohen (1995) to plan multiple product offerings beginning with
customer needs. This model can then set the priorities for individual products, which can
then be analyzed in detail through their individual House of Quality matrices.
2.2. Models for Platform-Based Design
There are also a few quantitative, model-based approaches to help designers create
products based on platforms. These are similar to the models shown in this thesis, and
some could be used in conjunction with the approach shown here. This thesis
categorizes the models into two types: models that help designers identify potential
portfolio architectures, and models to optimize product family designs.
2.2.1. Models to identify product platforms and variants
Two basic approaches are shown in this section that allow designers to explore different
portfolio architectures that are created beginning from customer needs data. In other
words, these models approach the problem from the viewpoint of desired variety, rather
than from a complexity viewpoint.
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Customer needs based methods
Moore et al. (1999) present an approach to selecting features for use in product families
through the use of conjoint analysis. Conjoint data is transformed into market share,
revenue, and profit, and based on those calculated figures decisions are made to included
features into products or not. Those features that generate good returns and are also not
costly to produce are then made common, or become part of the platform. Those that are
only beneficial in a subset of the offerings are only added to those particular products.
This general approach could be used with many other methods to optimize a family of
products if the appropriate set of conjoint data can be obtained.
Yu et al. (1999) have presented a quantitative method to identify a portfolio architecture
based on customer need data. The method begins by gathering customer need data
through surveys about the features of the products under consideration. Both the
importance of each feature and the desired target specification for that feature under
different use scenarios are recorded. From these data, population and usage statistics can
be calculated. Depending on the combination of found population and usage
distributions, different portfolio architectures are suggested, such as modular platforms,
integral features, etc. However, this model considers only one feature at a time, so
decisions still remain to be made about how to combine suggested architectures for
several features into one product. These decisions can be made with knowledge about
how the needs for similar features are correlated, and about the development and
production costs of the product.
Functional analysis methods for platform identification
Stone et al. (1998) have devised an approach for identifying possible ways to partition a
product into modules that is built on functional descriptions of the product. They use
function structures of the type described by Pahl and Beitz (1996) and a set of heuristics
for identifying potential modules.
Zamirowski and Otto (1999) build on those heuristics to extend the method to product
families. Two variety-related heuristics are presented. The first isolates modules where
variety is introduced into the product family. This facilitates change of the isolated
module, as well as enabling the standardization of the remainder of the products. The
second heuristic modifies the family function structure to increase the extent of those
parts that are common to all the products, reducing overall variety. The output of the
approach is a set of alternative modular architectures for the family of products, which
can then be evaluated from a cost, market benefit, or technology strategy viewpoint.
Siddique and Rosen (1999) use a graph grammar approach to design a new product
family or to increase the commonality of existing families. Graphs are used to represent
the functions of the products, and grammar rules are applied to derive product structures
from the functional representations. Rules can also be used to identify core functions,
which will become the platform, and optional functions, which will become unique
modules to provide variety.
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2.2.2. Models to optimize product family designs
This section presents several existing models that frame the problem of designing a
platform-based family as an optimization, where one wishes to find the most valuable
design for the firm. This is the same basic goal as the approach shown in this thesis.
However, the applicability of the models shown in this section is restricted, and the
remainder of this thesis attempts to present a more general approach to cover different
types of platforms and different kinds of input data.
Network models for platform design
Krishnan et al. (1998) show a model based on a network optimization description of a
family of products. The goal of this model is to place the desired offerings for a family
along this single performance axis so that the profits to the company are maximized.
Potential offerings are represented as nodes positioned along the performance axis,
connected by arcs with associated costs. These costs represent the negative of the profit
contribution of the nodes to the firm. Alternative product families (combinations of
nodes) are represented by alternative paths through the network. Then, by finding the
path that minimizes the total cost (negative profit), one can find the optimal family of
offerings.
The main limitation of this method is that it only applies to families that can be measured
along a single performance metric. This works well for cases such as generations of
electronic products that evolve over time to offer higher performance, such as increasing
computational speed, and customers make a choice of product based on that performance
metric alone.
Variations of the Design Structure Matrix (DSM) (Pimmler and Eppinger, 1994) have
also been used to partition products into modules. Once a product is decomposed into
elements, the interactions among these elements is analyzed in terms of geometry and
energy, information, and material flows. Based on these interactions, elements are
clustered into modules.
Robust design methods for platform design
Simpson et al. (1999) formulate the problem of designing a scaleable platform based
family using robust design methods. Scaleable platforms are ones that can be sized along
a specification to provide the necessary variants. Under this formulation, the scaling
factors are treated as the platform design variables that need to be specified. All other
design variables that define the different desired variants are modeled as "noise"
variables. Using robust design methods, platform variable settings that accommodate the
full range of "noise" variables are found as feasible solutions. Then a set of solutions is
found by optimizing different combinations or trade-off of objectives over the space of
feasible solutions. Conner et al.(1999) apply this same approach to the design of a family
of cordless drill transmissions.
A problem with this formulation is the treatment of the design of the unique portions of
the variants as "noise." Simply because the variant design variables may potentially span
a given range, it does not mean that the platform should support that range in full.
Rather, variant design variables should be treated as adjustment variables that can be
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changed by the designers to create feasible designs. An example of such adjustments to
create feasible products is shown later in Chapter 4. Forcing the platform to be designed
to cover all possible ranges in the variant variables imposes a need for great flexibility in
the design, which could be very costly or cause unnecessary compromise. This method
also only applies to scaleable platforms, or those where a single design variable can take
on different values along a scale to specify multiple variants in a family. It does not
cover platforms that are built from combinations of swappable modules, nor those where
multiple design variables are varied to create the family.
Other design optimization models for platform-based design
Nelson et al. (1999) have shown a general formulation for the problem of designing an
optimal set of platform-based products. This is a similar optimization formulation as the
one presented in this thesis, but limited to integral platforms, where the platform is
unchanged among products in the family. It also presents a method to bound the Pareto
optimal set of platform-based designs that is generated due to the presence of multiple
objectives for the multiple variants in the family.
Fujita et al. (1999) present an optimization approach to designing modular product
families from catalogs of existing modules using an integer-programming formulation
and simulated annealing as a solving method. This approach works for situations where
one only needs to decide on the mix of existing components or modules to make up each
product variant. It does not allow for the design of new modules as will be shown later in
this thesis.
Gupta and Krishnan (1999) present a model for selecting components and suppliers in an
integrated manner to optimize the costs of a family of products. The resulting problem is
solved through a heuristics-based approach.
Ortega et al. (1999) show an application of the Decision Support Problem (DSP) to the
design of a family of oil filters. The method allows designers to perform trade-offs
among multiple design objectives, and allow for the exploration of the environmental
impact of the different resulting designs.
Other related models
Gershenson et al. (1999) present a quantitative measure for modularity that includes not
just the interaction between functions and physical components but also the effect of life-
cycle concerns. They also present an approach for increasing the modularity of products
to its appropriate level to satisfy life-cycle issues.
Rechtin and Maier (1997) have collected a large number of heuristics to apply when
deciding on the architecture for complex systems. It is often the case however, that even
though these rules apply, they also conflict with one another, making their interpretation
(based on experience) crucial to a successful application.
Pulkkinen et al. (1999) propose a methodology called Design for Configuration (DFC) to
facilitate mass customization. Under this methodology, variety is achieved only through
combinations of pre-existing modules. Product and data structures remain the same, and
are designed to cover a range of configurations to offer variety. Heuristics that aid DFC
are identified and suggested, in a similar manner as Design-for-Assembly (DFA) suggests
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heuristics for better assembly. Tiihonen et al. (1999) present object-oriented models to
aid the implementation of the Design-for Configuration methodology. Hvam (1996) also
shows an application of product modeling with object-oriented techniques to improve the
specification of multiple instances of products.
Jiao (1998) creates a methodology to develop a Product Family Architecture, which
serves as a template for future products and facilitates mass customization. This
methodology blends other methods such as Quality Function Deployment (QFD), Design
Structure Matrix (DSM), and others to represent different views of product families: the
functional, manufacturing, and technological viewpoints.
2.3. Models for Project Evaluation
Chapter 6 of this thesis presents an approach for evaluating alternative product family
designs that is based on decision analysis models with some concepts from real options.
These models are used to put a value on a particular family design, including the value of
its flexibility to possible changes in the market or technologies. The idea of valuing
projects like the development of a product family in this thesis using "options-thinking"
or modified decision analysis tools has been proposed by Faulkner (1996) and Neely
(1998) as a better alternative to simpler financial metrics like Discounted Cash Flow
(DCF, also called Net Present Value or NPV).
The valuation of options was first achieved for financial options (Black and Scholes,
1973). It has since been applied to better calculate the value of projects under
uncertainty. Options applied to non-financial assets have been called real options (Brealy
and Myers, 1991; Sanchez, 1991). The option to make or decline additional investments
into a design, for example, investing into the development of a new variant, has value to
the company. Traditional methods such as DCF do not account for this extra value from
flexibility, while real options-based methods do. Trigeorgis and Dixit and Pindyck
(1994) show examples of how options valuation methods can suggest different
investment decisions than DCF because they include the value of flexibility.
Nichols (1994) presents a case study of options-based project selection at a large
pharmaceutical company. Shishko (1997) proposes options-based methods for valuing
technologies for spacecraft design and other government-funded projects, where the
outcomes being measured are not revenues from marketing of the products.
Although outcomes-based evaluation methods such as real-options can be useful tools for
selecting projects or designs, they should not be used as the single metric for those
decisions for all kinds of R&D projects. Hauser and Zettelmeyer (1997) show how for
different types of R&D projects (from basic research to applied development), outcomes-
based metrics can be counterproductive if used as the single measure for selecting
projects. Outcomes-based metrics apply best for "Type III" projects, or applied
development, where core company capabilities are turned into marketable products.
2.4. Chapter Summary
Many methods exist for managing platform-based product families and planning the set
of offerings that should be offered by a firm. The management literature also contains
many examples of successful platform-based development in various industries.
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Quantitative models to help make design decisions about what should be made common
to a set of products are few. However, many approach the problem in a similar fashion as
shown in this thesis, namely, starting from the basic idea of trying to maximize the value
of the design to the firm. Some of these approaches begin with market needs and
translate them to portfolio architectures, while others concentrate on reducing complexity
or minimizing costs.
The optimization models shown in the related work are limited to specific types of
platforms that are too restrictive for general application. Most models also assume that
the suggested family designs will be built exactly as described by the solution. In reality,
product families are developed over long periods of time, and many uncertain factors
affect the development of these products along the way, such as market and technology
changes. The main contributions of this thesis are as follows. First, to extend the
existing design methods to a general type of platform (integral or modular). Second, to
generate practical implementation approaches based on those problem statements that fit
into actual complex design processes. And finally, to consider the uncertainty present
during the development of the product family when selecting a conceptual design. The
next chapter will introduce the theoretical basis for the chosen approach.
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3. Platform-Based Product Design
This chapter presents the theoretical basis for models for the design of platform-based
product families. The design problem is formulated as an optimization that outputs the
preferred design for a platform and a derived set of variants. This chapter begins with an
introduction to design optimization, how it is applied to one-at-a-time designs, and how it
differs for multiple products based on a common platform. It then presents a general
optimization formulation for platform-based product families. Finally, it describes a
simplification of this general optimization into a two-step process that makes it more
amenable to practical implementations for complex products. The models presented in
this section will then be expanded in the following chapters for specific types of
platforms, and implementations and examples will be shown of how these models can be
used to create appropriate platform-based designs.
3.1. Product Design as Optimization
Although an optimization formulation to describe product design is a simplification of
actual design processes, it can serve as the basis for creating quantitative models that help
designers make decisions when creating new concepts for products. Constructing such
models is the goal of this thesis. The result of applying these models is to form
specification lists that flow down to the embodiment design activities. This section will
present an extension of current, single-product design optimization methods to the design
of families of products.
3.1.1. One-at-a-time product design
In essence, design teams try to optimize a goal (or a set of goals) when designing
products, subject to technical, market, and resource constraints. They do so by selecting
values for the design variables, that is the settings that can be controlled during the design
process. One can then formulate the design of a complex product as an optimization
exercise. In practice, designers trade off design choices, X, optimizing an objective
function, f , over the feasible design space until acceptable solutions are found. These
feasible solutions will satisfy a set of constraints, g, that ensure the product meets its
targets, f .
In general terms, for a single product i, we can express this optimization in the form:
Find
xi min f(i) (3.1)
subject to performance constraints:
One such constraint may be a budget constraint, for example, costi (j*) B , where Bi
is the budget for product i, determined independently by the company's management.
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Although in most cases designers must trade off multiple objectives when creating a
complex product, often there is an overriding single performance objective that is chosen
as the goal for the design. Even when multiple objectives must be considered, there are
many methods that attempt to combine them into a single objective function that can still
be optimized (for example, weighted functions, utility functions, etc.).
Underlying Objective
In general terms, the main goal of designing products is to maximize the benefit to the
company. The objective of the optimization problem in Equation 3.1 then becomes the
following: maximize the value to the company, over the space of the design variables,
subject to satisfying the performance constraints of the products. Value, however, can
come from several sources. For marketed products, value is usually measured by the
products' profit contributions. However, there are situations where value is obtained
from less tangible benefits such as brand image, customer awareness, etc. In this thesis,
several examples from spacecraft are covered. Since these products are not marketed but
government-funded, measuring their value becomes more difficult. Exploratory space
missions return data that are useful to scientists and educators, but also generate public
interest, technological spin-offs, and other valuable outcomes.
In this thesis, value is simply the sum of the benefits realized from developing products
minus the investments (or costs) to develop and market or operate them, including all
lifecycle factors that wish to be considered (e.g. design, manufacturing, maintenance,
disposal, etc.). One can express this general objective as:
i* :max Value = Benefits - Investments (3.2)
Equation 3.2 is then a re-statement of Equation 3.1, where the objective f is now the value
provided by a particular chosen design. Optimizing value is one possible way to combine
multiple objectives (e.g. revenues, market share, brand image, etc.) into a single function
as described in the previous section.
The definition of value used here is different from that used in Value Analysis
techniques. Those methods define value as a ratio of worth or utility of providing a
function over its cost. Then the value of design can be increased by either increasing a
function's performance or by decreasing its cost. By using this approach of expressing
value as ratios, Value Analysis allows for the comparison of multiple criteria such as use
value, aesthetic value, social value, etc (see O'Brien, 1976).
Practical implementation for complex single products
In practice however, for complex systems such as spacecraft, this optimization may prove
to be too difficult to set up and solve analytically. This is due to several reasons, for
example, the large number of variables and different disciplines involved, and the
discontinuities present in the design space. Instead, the design is generally accomplished
by teams of experts that concurrently design each of the subsystems to optimize the
performance of the product, under the coordination of systems engineers who make sure
the overall product requirements are met. Each subsystem engineer makes calculations to
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determine configuration, performance, and constraints. The systems engineers consider
these and suggest changes or trades among the team members until feasible solutions are
found. These solutions are then refined to optimize the objective (e.g. minimize the cost,
or maximize a performance attribute).
One example of such an approach is used at the Advanced Projects Design Team at
NASA's Jet Propulsion Laboratory (JPL), also known as Team X (Jet Propulsion
Laboratory, 1999). This is a group of spacecraft subsystem experts and system engineers,
who together with mission leaders and scientists, use models to quantitatively explore
and thereby create conceptual designs for spacecraft. A typical Team X exercise tries to
obtain a feasible solution for a desired mission by adjusting the design of each subsystem.
Team X operates through a circular cluster of computers, each run by a subsystem
specialist, and with a system design engineer acting as a coordinator for the exercise. The
current mission model is projected on the wall for all designers to see. The scientists
interested in the final results of the spacecraft work with the system engineers and the
subsystem specialists to arrive at a mission specification. Performance is evaluated
through analytical models, and multiple objectives are traded off among the team
members. For example, the scientists may request a particular resolution for mission
images; this will require a minimum data rate, which will in turn require a particular
antenna, data, and power system, may change the total mass, and may force a change of
launch vehicle. In addition, all these changes may make the mission go over budget, and
so interactive negotiations are required.
Each engineering discipline uses their internal and other subsystems' variable value
choices to determine and report sub-system performance, while system engineers
coordinate this activity and make changes to system variables and overall constraints.
Once a working design is found, the team then tries to optimize a particular objective,
such as lifecycle mission cost or returned data volume, until an adequate solution is
found. The exercise requires negotiation among the team members to arrive at a good
Figure 3.1 - Team X subsystem experts operate sub-models at their respective
stations during a concept design session, while the system model is projected on the
screen (in the background) for the whole team to see the current design.
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system solution, so effectively this is an interactive optimization of the form shown in
Equation 3.1. That is, the models solve for performance values, and the team together
solves the minimization in a trial-and-error interactive manner. This interactive approach
has proven to be the most effective, one that the engineers will put faith in, rather than
any algorithmic search approach to a "solution".
3.2. Platform-based product family design
In its most basic form, the main goal of designing a family of products is to maximize the
benefit to the company. This is similar to the objective shown in Equation 3.2 for single
products, except that the search would span the design variables for the platform and
variants, instead of individual design variables for each product i. One would like to
design a family of products that incorporates an optimal amount of commonality in the
platform such that the benefit to the company is maximized. This does not mean that the
commonality should be maximized. There are generally disadvantages to designing
common components, usually losses in the performance of individual variants, which
translate into lost benefit. Also, the cost of developing common components and
processes can be higher than that of individual products due to the extra complexity of
having to satisfy the requirements of multiple products.
For platform-based families of products, the optimization problem then becomes the
following: maximize the value to the company, over the space of the design variables
(both those that describe the platform and the ones that describe the individual portions of
the desired variants), subject to satisfying the performance constraints of the variants and
of the family as a whole.
3.2.1. General optimization formulation
We now expand the general statement described above to the development of platform-
based product families. A general case of developing a platform-based family of
products is shown schematically in Figure 3.2. This thesis considers the general case
where the firm needs to decide on a design for the platform and the variants, and to
decide whether or not to start investment into the product family (whether or not to start
the project).
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In this case, an initial investment Io needs to be made to begin development of a platform.
This investment may be for example for conducting research to develop a shared
technology, or to design a common core of components that will be common to the
variants.
At some point later in time, a platform may have been successfully developed, and
additional investments Ii are required to derive variants based on the existing platform.
These are investments needed to commercialize the products, such as building new
manufacturing facilities or purchasing equipment, or the additional design efforts
required to turn the basic platform building block into a finished product.
After a variant is created, it will be marketed or operated, resulting in a total outcome Ot.
As described in Section 3.1.1, this could be a set of outcomes from the various objectivesj considered, each weighed by a relative importance weight, wj. For simplicity, here they
will be combined into a single outcome (value to the firm), Oi, where O; = Iw 1 -- .
In addition, these outcomes will depend on the performance of the variants and their
targets, i. For example, a product that exceeds these expected targets will realize more
benefits than one that barely meets them.
All of the quantities described above are, generally speaking, a function of the design
choices that are made for the product family, as well as a function of uncertainty present
during the development process, described here by ii. For example, the investments
needed to create variants based on a particular platform depends on the chosen design for
that platform; an inflexible platform may require many costly adjustments to create a
finished product, while a flexible choice would make it less expensive. Also, choosing a
known technology for the platform would increase the probability of ending up with
functioning variants. However, at the same time, a new technology may increase the
P r i 1J i ' t1 O i It1
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Fig. 3.2 - General platform-based product family development case
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outcomes that can be realized by offering novel variants into the market. Here, the
different sources of uncertainty during the development of the family are condensed into
a single probability term for each variant, Pri. In other words, each of the variants i has a
probability Pri of being developed to the point where an outcome Oi is reached. Later, in
chapter 6, these probability terms are decomposed into more detailed uncertain factors.
Furthermore, the design variables, Xi, that describe each product i are now split into two
groups:
" iP, which describes the design of the platform, or what is chosen to be common,
and
* xvi , which describes the design of the unique portions of each variant.
For the general case described above, the problem in Equation 3.1 then becomes:
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Find
(ip*, T*): v* = max Value = 10 -Pr- (I( +EI -Pr ) (3.3)
ip Jvi
s.t.
Pr(;(,Ip,5i) i )> Confidence factor
I0 +1i -Pri B
10 = Cost platf. (p,i)
Ig = Cost ( ,i).(1- D(-,,N))
Pr = Pr1 (Xi, , ti a)
0i= Xw O 1 (ipiv,,ii)
where:
V*: Optimum value to the firm of a product family design
Oi: Total outcome from product i
wj: Weight of outcome of product i on criteria j
Io: Original investment to create the platform
Ii: Investment to commercialize product i
Pri: Total probability of offering product i
ki: vector of constraints for product i
ii: Uncertain factors during the development of the product family
t: Requirements for performance of product i
B: Budget for the product family
N: Number of times the platform is reused
D: Discount for sharing a common platform
,P: Design variables describing the platform
Xii: Design variables describing individual portion of variant i
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In words, one can summarize the statement in Equation 3.3 as follows:
* Find both the platform and variant designs that maximize the value to the
firm.
* The solution must meet the performance targets for each of the variants within
a given confidence factor, where the performance of each variant is a function
of the platform design choices, the variant design choices, and uncertain
factors ii (e.g. variation in the final performance of the platform).
" The total investments for the product family must fall within the family
budget constraints. Again, these investments depend on the platform and
variant design choices, and uncertain factors (e.g. variation in the final cost of
the platform).
" The cost of the variants includes discounts, D, for sharing a common platform,
which is itself a function of what was chosen as a platform, the number of
times the platform is reused, and again, uncertain factors. Without these
discounts, it would make more sense to design the products individually.
* Finally, both the probabilities of creating a variant as well as the outcomes of
each variant are also a function of the chosen platform and variant designs, the
targets for the variant, fi, and uncertain factors (e.g. variation in the market
acceptance of a variant).
3.3. Simplification into a two-step optimization problem
It is theoretically possible to solve the optimization problem in Equation 3.3 through
traditional search methods. However, in practice this problem becomes too complex to
be expressed and solved by numerical search methods in actual design environments
when complex products are involved. There are several reasons for the complexity of the
problem. First, the design of products such as spacecraft requires in-depth knowledge
from varied fields of expertise, which usually reside on different people or departments
within a firm. This makes it very difficult to create a system model of the product that
contains all the information and relationships necessary to describe the effects of
particular design decisions. In the case of spacecraft, subsystem experts rely on their
previous experience and supporting, more detailed models (e.g. finite-element models) to
evaluate the technical feasibility of designs. Combining this necessary level of detail
with additional modeling of uncertain development factors (e.g. budgeting information)
and market information (in the case of marketable products) into a system model that can
be optimized through a solver has not yet been feasible at this level of product
complexity. In addition, even the current design models are non-linear, discontinuous,
with mixed integer and continuous variables, which makes many solver approaches
infeasible.
In addition, the level of analysis detail that is necessary to determine the feasibility of a
whole spacecraft design makes for a time-consuming and expensive process. A
feasibility design study for a spacecraft concept done by Team X at JPL, for example,
usually takes about three hours of interactive design exercise, plus additional off-line
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analysis work. Also, this group specializes in determining the technical details of the
design and the final cost of the spacecraft. However, they do not usually take into
account external (non-technical) uncertainties such as budget uncertainties, technology
development investments and their uncertainties. These are left to the individual
spacecraft teams to consider. Adding these extra factors to the problem formulation
would in most cases stretch the limits of what can be reasonably considered during these
design exercises.
The approach chosen to tackle this complexity problem is to simplify the analysis by
splitting it into a two-step optimization process. The first step considers the technical
details of the product family design, while the second step analyzes the development
uncertainties and evaluates the technical solutions to select an appropriate overall design
for the firm. The resulting approach is shown schematically in Figure 3.3.
In the first step, it is assumed that the uncertain development factors ii are fixed at values
ii. However, since the outcomes may be assigned different weights, w, by the different
stakeholders in the development of the product family, a set K of design solutions may be
found that are apparently equally good, that arise from different tradeoffs or weightings
of the objectives. Then, in step 2 the set of optimal designs found in step 1 are held fixed
while one searches for the design that optimizes the value to the firm, this time
considering the uncertain factors ii. The two-step process follows the same form as the
general optimization in Equation 3.3 and is detailed in the following sections.
The first step of the approach assumes that the designs obtained describe exactly the
products that will be built during actual development. In reality, the performance
requirements of the variants will likely shift with changes in the market, technologies,
1.1 Decide on alternative platforms, Xp
1.2 Decide on desired variants i, and Step 1 of
family constraints, 9i approach:technical
design
1.3 Use design model to finish variant
designs, iXv
2.1 Construct development models for Step 2 of
each family alternative approa
approach:
evaluation
and
2.2 Select most valuable/robust family selection
Figure 3.3 - Two-step optimization approach for platform-based design.
37
etc., and are therefore uncertain at the time the platform is chosen. Then an evaluation
and selection method is needed which incorporates a way to account for that uncertainty.
For example, one would like to design in sufficient flexibility to accommodate the
expected variations in requirements, or to maximize profits despite changes in the
markets. This leads to the second stage of the overall optimization approach. In the
following section, each of the steps is described in more detail.
3.3.1. Technical design stage
The first or technical design step can be described as follows:
Step 1: Find a set of alternative families K such that:
i :V* = max Value = 0 - (I0 +1I;) (3.4)(' P Vlk V P 9vi(34
s.t.
Pr P, i IU) ) > Confidence factor
10 +j2Ij ; B
I0 = Cost platf. (X I i)
Ii =Costi(,ii)-(1-D(XiPu, N))
As shown above, the goal of this stage is to find the settings for a platform and variants
that maximize the value to the firm, when all uncertain factors are set to their expected
values. Generally, V* has several solutions along a Pareto surface, depending on the
weightings of the outcomes. Therefore, many alternative family designs can be generated
using only this step of the optimization. The result of Equation 3.4 is then a finite set K
of apparently equally good family designs, from a technical point of view.
3.3.2. Evaluation and selection stage
To account for the possible changes during the development of the family, the uncertainty
is re-introduced in the second step of the method in order to select a proper design from
the alternatives generated in the technical design phase. The form of the second step is as
follows:
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Step 2: Choose the family k* among the finite set of alternative families K:
(*,) :V* r max Value= f (Oi -Pri-(Io +jIg PrgiPr (3.5)
x,, ,xTC, i K U
s.t.
Pr(gi (x*, 5)v. ii) )>Confidence factor
U
I0 + J1 B
I0= Cost platf.(Ep
ig = Cost g (X-j, i) -(I - D(j2, , , N))
Pri = Pr (i*,iv.f, *)
0; = w -O i p , .ivi , ti ,i)
where
U : space of uncertain factors during the development of the family
The design alternatives that are identified during the first stage of the optimization are
evaluated in this step with respect to the expected value they provide to the firm when
uncertainty is present during the development of the product family. With these
evaluations, the most appropriate design solution, that is, the one that maximizes the
expected value to the firm, can then be selected.
3.3.3. Application of the optimization approach
The two-step approach described above forms a framework for the models shown in the
following chapters. Chapters 4 and 5 present more detailed models for solving the first
stage of the optimization, or the technical design phase, for designs based on two types of
platforms: integral and modular. These models are integrated into a practical
implementation approach that fits into existing design processes for complex products
and allows design teams to explore alternative platform-based family designs. Examples
and results from the spacecraft design field are shown.
Chapter 6 then presents different approaches and models for evaluating and selecting
appropriate family designs from the alternatives generated by the technical design
models. The first approach uses decision analysis tools coupled with real options
concepts to model the development path of the family. This approach allows for a
quantification of the value of an alternative design that accounts for technical and market
uncertainties. A second, quantitative approach is also introduced in Chapter 6. This
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method may be applied when the value of a design is measured on multiple performance
criteria, some of which may be difficult to quantify as shown in the previous approach.
Again, an example of multiple-spacecraft design is used to illustrate the chosen approach
and its results.
3.4. Discussion
In general, designing a set of platform-based products will compromise the performance
of the variants. Nelson et al. (1999) have shown that the Pareto optimal set of platform-
based designs can be bounded, and that this set is inferior to the individual (non-platform-
based) designs for the same products, for a monotonic objective functionf. That is,
f(iP*, XV*)! f( i*) (3.6)
However, if f is not monotonic, such as in the case of the value function used in the
previous sections, it is possible to obtain platform-based solutions that are better than the
individually designed products. For example, this applies when there are discount factors
that make the value of platform designs attractive, that is, when:
Cost(i )- Cost( Ply " - (I1- D) n > 0 (3.7)
i i
then,
V( P, 9X)V i*) (3.8)
where D is the discount for sharing a platform, and n is the number of times that platform
is reused. In sum, one should only use a platform design approach when the benefits
from sharing outweigh the extra costs it involves over an individual design.
3.5. Chapter Summary
This chapter introduced the basic optimization formulation to describe the design of
platform-based product families. The general problem statement was then simplified by
splitting the problem into a two-step problem that better fits existing design processes for
complex products. The resulting two steps are expanded in the remainder of this thesis,
and examples from spacecraft design are used to illustrate the approach.
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4. Integral Platforms
This chapter presents the application of the optimization approach from the previous
chapter to the design of integral platforms and their derived variants. Integral platforms
are those that are shared unchanged across all the members of a family of products.
Although this may seem like a restrictive case, it will be shown through an example of
multiple spacecraft design that this is a real design situation that can benefit from the
approach shown in this thesis. However, the following chapter considers also the more
general case of modular platforms.
The first section shows the application of the technical design optimization phase to
integral-platform-based spacecraft design. That problem formulation is then used as the
basis for a practical implementation as an interactive, team-based negotiation model for
designing a family of interplanetary spacecraft based on a common platform. A simple
example is then presented to illustrate the approach and how it can be solved through
traditional search methods when appropriate models exist. Finally, a real example of
platform-based design is shown from conceptual design exercises conducted at JPL for
multiple NASA missions, and results from this exercise are discussed.
4.1. Integral platforms and multiple spacecraft design
In Equation 3.4, the technical design of a platform-based product family is formulated as
a general optimization problem in which the advantages of designing a common platform
must be balanced against the constraints of the individual product variants and constraints
of the family as a whole. In this section, we apply that problem statement to the design of
multiple space missions. For this particular type of product, however, Equation 3.4 can
be simplified further.
The main reason for this further simplification is that the benefits of developing
exploratory spacecraft are not easily quantified. The return from these products is
scientific data, which is not a marketed product, as opposed to the return from consumer
or industrial products, which are given by the market in which they are sold. While it is
true that NASA (or the US taxpayers, eventually) do pay for each of these missions, and
set the value in monetary terms that they are willing to pay for a particular set of
scientific goals, it is also true that these values fluctuate wildly, and not always in a
predictable manner. For instance, the value of data returned from Europa, one of
Jupiter's moons, suddenly became extremely valuable when a real possibility of finding
liquid water and possibly life within its core was first determined. Another example is
the value of data from Mars after the Pathfinder mission in 1997. The vast public interest
generated by that successful mission is difficult to quantify, but it is valuable for future
Mars missions even though it is not based on the scientific data returned. Since a
quantification of the value of the scientific returns of a mission was deemed not feasible,
the goal of the optimization became to minimize the cost of the missions, rather than
maximize the total value or the difference between the benefits and costs. This is
actually the main goal of many actual spacecraft projects in the conceptual design phase:
to minimize the necessary budget required for a set of scientific goals, with the purpose
of maximizing the chances of obtaining funding to develop the missions.
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Then, Equation 3.4 can be simplified to the following statement:
Find
(*, .vi*): Cost(PX*, vi*)= min (I0 + I;) (4.1)xip ,xvi
s.t.
Pr(7(iXp, ,ii) ) Confidence factor
U
10 + Y Ii;: B
10 = Costplatf.(Xp ,)
I;= osg~p,, 5)= osg~W,) u 1 ~pK N))
4.1.1. Approach for implementation
Equation 4.1 is an expression that underlies what must be determined when developing a
product family based on an integral platform, in one way or another. Again, however,
this is a difficult problem to solve for complex products, where the choice of what needs
to be part of the platform and what should be individually designed for each variant
creates vast numbers of combinations that must be explored. In addition, the problem can
be multi-objective, is usually nonlinear and mixes discrete and continuous variables that
need to be chosen to arrive at a finished design. Nonetheless, the optimization
formulation can be used as a framework for an interactive tool allowing designers to pick
the design they feel is the best combination of commonality and individual design.
As was discussed in Chapter 3, creating multiple products based on a platform as stated
above requires a different approach from designing multiple products in a one-at-a-time
fashion, since part of the design of each product will be common to the other members of
the family. Then, some of the design variables will not be able to be adjusted
independently for each of the desired variant products. In other words, the design inputs
that are fixed for all products in the family form the platform, described by the vector X,.
The design of each variant product i in the family can then be described by the platform
XP and the remainder of the design variables, Xi, which describe what is specific to
that variant i. The approach that was chosen to solve this design problem is then the
following: the design team in this case will first optimize the choice of a platform, and
then optimize each of the variants to obtain a feasible family solution that optimizes the
objective. This approach can then be described as a variation of Equation 4.1 as follows:
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*p, *): Cost p*, xv,* )=min {min[Costi ( iv I ii+ Costplatf. , (4.2)
Xp i iv,
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cost g (ip,, ,K)+ COst platf. ,i) B
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Following the above formulation, one first makes a platform choice of YC, in the outer
minimization search of Equation 4.2; then one chooses a different design for each variant,
xvi , minimizing the cost of the family of derived variants. The inner searches are
repeated for different platform alternatives or P, , as part of the search for the best
platform configuration. The platform design that is finally chosen will yield the best cost
for the set of variants on arithmetic average, as reflected by the sum in Equation 4.2.
4.2. Implementation into models
The formulation in Equation 4.2 can then be used as a framework for developing a set of
models to implement it in practice. The resulting models allow design teams to select
candidate platforms, then derive variant designs, and finally iterate until a suitable
platform/variants combination is achieved that optimizes the overall costs while meeting
the required performance constraints. The optimization is thus achieved interactively by
the design teams, in a similar way to how single product designs are created in
environments like JPL's Team X. The important distinction is that the design models
would collectively freeze some variables (li, , or the platform), while allowing individual
mission changes to others (,,i, or the variant designs). This interactive process for
designing a platform-based product family can be summarized in the following stages,
also shown schematically in Figure 4.1:
1. Requirements and model gathering,
2. Platform design,
3. Variants design,
4. Platform evaluation, re-negotiation, and iteration.
We now explore each of the steps above in more detail.
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Figure 4.1 - Platform-based product family design implementation approach.
Step 1 - Requirements and model gathering. As in the case of one-at-a-time or
individual design, the first step is to construct mathematical system models that connect
the design choices to the performance indices for the products. These would include
performance as well as cost models and, in the case of commercial products, would also
incorporate revenue and competition models. With these models and the requirements for
each of the desired products, the team can create a set of individually designed products
as a baseline case against which to compare platform-based variants.
Step 2 - Platform design. With those same requirements, representatives from each
desired mission team, helped by subsystem experts, can also decide on which portions of
the design should become the common platform, X,. This decision will be based on the
similarity of the requirements, the flexibility of the subsystems involved, and other
concerns such as availability of resources, schedule constraints, etc.
Step 3 - Variants design. Once a platform is chosen, that portion of the design is
"frozen" and handed back to the individual teams, who can complete and optimize the
design of their respective products by adjusting the variant variables, .X i.
Step 4 - Platform evaluation and re-negotiation. The new designs form an alternative
product family, which can then be compared to the baseline case of individually designed
products or to other platform-based alternatives in terms of technical performance, cost,
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risk, etc. If the platform-based family is not acceptable, it may be necessary to re-
negotiate the platform choices and iterate through the design loop in Figure 4.1 to arrive
at an adequate family design.
4.2.1. Models
This section describes how the implementation approach from the previous section can be
practically implemented in spreadsheet models that teams of designers can use to create
and evaluate concepts for platform-based families. This implementation is shown
through an example of models built for interplanetary spacecraft design. An overall view
of the models created is shown in Figure 4.2. First, a system model of the product is used
to model each of the desired missions. Then, additional models are used to capture the
designers' platform selections. Finally, this information about the platform is fed back
into models for each of the variants, where designers can optimize the individual portions
of each variant. At this point, the performance of the alternative product family designs
can be compared from the performance metrics reported by the models. It is worth
noting that this approach and models can be used to compare product families based on
alternative platforms against one another, not necessarily against a set of individually-
designed products as shown in Figures 4.1 and 4.2. Each of these models is described in
detail below.
Individual Mission Models
As mentioned in the previous section, platforming decisions that make subsystems
common to a set of products force changes in the performance of the products in
question. Also, functions in complex products such as spacecraft are coupled. For
example, increasing the data rate may mean designing in a bigger antenna, which would
increase the system mass, and therefore also affect the propulsion system, attitude
control, and other subsystem parameters. Therefore, in order to see the full effects of
changing performance parameters to create a platform, one needs an inter-linked system
performance model.
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Figure 4.2 - Overview of implementation into spreadsheet models
The CEM product model used at JPL to model spacecraft consists of several linked
components:
" a system model, where spacecraft requirements are entered and design choices are
made, such as the selection of hardware components such as engines, sensors, and
types of propulsion system, power source, etc.;
" a database with performance and cost data for hardware as well as parameters that
affect the spacecraft's performance such as planetary information;
" a summary display of the key system-level characteristics of the spacecraft, such as
mass, power consumption, and total cost.
A section of the original CEM system model is shown in Figure 4.3. The current-
generation CEM model is about an order of magnitude more complex in terms of the
number of design variables, and is split into many sub-models, each controlled by a
subsystem expert. Some of the cells and lists of components in the spreadsheet represent
the parameters and design variables that are the inputs to the model. These inputs are
used to calculate system performance values through formulas built into the model that
link the behavior of the spacecraft subsystems to one another and yield system-level
results.
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Figure 4.3 - Portion of original CEM spacecraft system model.
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Once designers have a system product model such as the CEM model described above, it
can be used to create a model of each of the desired final products as shown in Figure 4.2.
The requirements of each individual mission can be entered into each model, and design
variables can be varied to optimize each design.
Platform Selection Model
Once the individual missions have been modeled, the design variable inputs for all
products are then passed on to Platform Selection model (also shown in Figure 4.2), that
was developed based on the structure of CEM model. For different products, this model
would have to be rebuilt, since the product in question would have a different set of
design variables; however, the basic structure that allows designers to select platform
settings would remain the same. In the Platform Selection model, the designers are asked
to make decisions as to whether a particular spacecraft subsystem or performance
requirement should be made common to all of the missions. In other words, this is the
selection of the XP variables. The choices are made through checkboxes placed next to
each design variable to be made part of the platform. A setting of "TRUE" or a check is
used to indicate that variable will become part of the platform design, whereas a
"FALSE" choice indicates that variable setting will be used for that mission only.
With this information, values for the variables that describe the platform can be chosen.
The model can automatically calculate the setting for each platform variable by
calculating the maximum, minimum, or average value of the individual missions' values
that were selected to be made common. If the calculated platform inputs are not
acceptable to the design team, they can be manually entered instead. Finally, the chosen
platform settings are then passed on to further spreadsheet models for each desired
variant spacecraft.
Variant Design Models
Each variant is then modeled with the same product model used to represent each
individually designed mission. However, those variables that were chosen as platform
settings are in this case linked to the values chosen in the Platform Selection model and
"frozen" or not allowed to change. The user can then modify the settings for the
remaining input variables as necessary to create a feasible variant design, or make the
selection of the Xi variables. The variant models then report the performance for the
platform-based designs, and the designers can modify the variant settings to optimize
these metrics.
Platform Evaluation and Re-negotiation
Once the variants for all missions are optimized, the designers can evaluate the chosen
platform by comparing the set of variants to the original, one-at-a-time designs, or even
to an alternative set of variants based on a different platform. Figure 4.4 shows a sample
result of the described design process for a single interplanetary spacecraft. Performance
metrics such as power consumption and mass can be compared for an individually
designed mission and its platform-based counterpart. These performance metrics can also
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Figure 4.4 - Summary of a mission's performance metrics for individual
and platform-based designs.
be aggregated to obtain results for the whole family, such as the total cost of the product
family.
If the variant designs are not satisfactory, the designers can optimize the missions by
modifying the variant settings. This is, in effect, performing the inner minimization in
Equation 4.2. Alternatively, they can also improve the product family by arguing with
the other mission designers for changes in the choices made in the platform selection
model. Iterating to improve the platform in this manner is effectively performing the
outer minimization in Equation 4.2. This process allows the designers to iterate until a
satisfactory platform and variant combination is achieved.
4.3. Example of platform-based design approach
In this section, a simple example is introduced to illustrate the use of the approach and
models shown in the previous section, as well as some of the tradeoffs that need to be
made when creating designs based on common platforms. Suppose that the objective of
the exercise is to design three spacecraft, each with a different destination and carrying
different science instruments. The differences in range as well as data volume generated
by the instruments create different telecommunication needs for each mission. Some of
the spacecraft will achieve faster data rates when downloading the science data.
Assuming that the missions use the same ground stations to communicate and that they
have similar downlink opportunities, the data rates are determined mainly by the size of
the spacecraft antenna and the power of the spacecraft amplifiers. The larger the antenna
diameter, the higher the achievable data rate. However, this size is limited by the launch
vehicle cargo volume. Similarly, the higher the power of the amplifiers, the higher the
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data rates. However, the power available to the amplifiers is limited by the amount
generated by the power source of the spacecraft. Finally, all these design choices affect
the total cost, which one would like to minimize. The total number of communication
periods needed (passes) will also depend on the amount of data generated by the
instruments and the achievable data rate. This number of passes has in turn a direct effect
on the cost of operating the spacecraft. Also, the size of the antenna, the power of the
amplifiers, and the size of the power source are directly related to their cost.
In an effort to reduce the development cost of the missions, experts decide to explore a
candidate platform consisting of a common antenna and power source for all three
spacecraft. The two variables, antenna diameter (in meters) and source power output (in
Watts) then describe the integral platform. The remaining design variable, the power of
the amplifiers, is easily adjusted to each mission, and so it is chosen as the variant design
variable. The example is summarized below:
Parameters:
Mission A: destination Mars; high resolution instrument
Mission B: destination Jupiter; low resolution instrument
Mission C: destination Neptune; medium resolution instrument
Design variables:
Platform: , = [antenna diameter, generated power]
Variant: i = [amplifier power]
Objective:
Minimize family cost:
mini min cost# ( , ,- (i- D)"
Constraints:
Power margin for spacecraft A >=O
Power margin for spacecraft B >=0
Power margin for spacecraft C >=O
0 < Amplifier power =< 20 W
The relationships among the telecommunications, science, and power subsystems and
their costs are entered into a spreadsheet model as shown in Figure 4.5. Using a solver,
the optimum design for each mission (the one that minimizes the cost of that spacecraft)
can then be found. Repeating this process for all three missions, one can arrive at the
family cost, given that the products are designed one-at-a-time.
Then, fixing the platform variables at settings deemed to be a good candidate design, one
can again use the same solver to optimize the family cost. This time, the variant variable
is allowed to vary, within an acceptable feasible range. Also, a discount factor is
introduced for reuse of the common platform. The solver then finds a family design that
minimizes the family cost.
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Figure 4.5 - Optimization model for spacecraft family design example.
INDIVIDUAL DESIGN PLATFORM-BASED DESIGN
Ootimized Famliv
Optimized A Optimized B Optimized C Variant A Variant B Variant C
Design variable settings
Antenna Dia (M) 0.90 0.96 2.00 2.00 2.00 2.00
RF amolifier power (W) 13.75 14.88 14.38 8.34 14.88 14.38
Performance metrics
Datarate (bita/s) 20943 822 72 102739 3544 72
Passes needed 16.6 16.9 483.3 3.4 3.9 483.3
Subsystem costs
Science cost ($) 10,905,824 3,380,805 4,144,213 10,905,824 3,380,805 4,144,213
Telecomm cost ($) 14,113,117 14,113,117 14,113,117 16,830,000 13,464,000 10,771,200
Power cost ($ 18,592.000 18.592.000 18.592,000 18592,000 18.592,000 18592000
Family cost (SM) 403.1 401.0
Figure 4.6 - Results from platform-based versus one-at-a-time design approaches.
Typical results for this example are shown in Figure 4.6. In this particular case, the
platform-based family produces a lower total cost than the individually designed
missions. Note that the antenna diameter and power source output specs are the same for
all the variants. Also note that not all variants subsystems are less expensive than their
individually designed counterparts, as can be seen in the cost of the telecomm subsystem
costs in Figure 4.6. Only when the platform is reused does the cost of the missions start
to decrease sufficiently to make the platform-based approach worthwhile.
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4.3.1. Payoff from platforming
The example shown in Figure 4.6 shows a slight advantage for sharing a common
platform due to the discount from reusing the same telecommunications antenna, which
in this example provides a 20% cost savings for each time it is reused. However, using a
platform design is not always superior to designing products individually. Even when
non-zero, positive discounts from sharing components exist, they do not necessarily make
up for the potential loss in performance and additional cost from having to compromise
on a standard design, rather than optimize each individual product. Figure 4.7 shows that
in the previous example, there is a break-even point in the discount from sharing the same
antenna beyond which it makes sense to use a platform design. Below this point, it
actually costs more to standardize components. However, as was described in Section
3.4, if sufficiently large discounts exist, platform-based designs can be preferable over
individually designed products.
The example in this section is meant to illustrate the basic platform-based design
approach, as well as to point out the tradeoffs that need to be made when using such an
approach over individual product designs. In the following section, the approach shown
in this chapter is applied to an actual case of platform-based design of highly complex
products.
Figure 4.7- Breakeven point for a platform-based vs. an individual design.
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4.4. Application: Multiple spacecraft design based on telecommunications
platforms
The design approach presented in this paper was applied to the design of platforms to be
used by multiple NASA spacecraft designed at the Jet Propulsion Laboratory. The study
was conducted to investigate the appropriateness of three alternative telecommunications
technologies for supplying the needs of the planned set (or roadmap) of future missions.
However, it was also a design exercise of the kind outlined in the previous sections. A
common telecommunications platform had to be defined and variants that accommodated
to that choice of platform had to be designed in order to explore the effect of the
technologies under consideration.
In this case, the product families were the sets of future spacecraft that would share one
of the telecommunications platforms. The platforms were not only the technologies but
also the ground network, spacecraft components (antennas or telescopes, receivers,
transmitters, amplifiers, etc), and operations systems that would be built based on each of
the technologies. All these elements would be shared by the future missions and
therefore formed the alternative platforms. The variants in this case were the future
missions that chose one of the platforms as the basis for their telecommunications
functions.
Table 4.1 - Summary of platforms considered.
Ka-band Optical
Number of Expanded Deep Space Existing Deep Space Network 3 or 9 stations worldwide
antennas Network
Receiver 34m and 70m antennas 34m and 70m antennas 10m diameter telescopes
type
Investment More antennas Upgrade existing hardware New telescope stations
required ______________________________________________
Operating Known current cost Same as current Assumed same as 70m
cost antennas
Affected by weather Affected by weather
Some testing required Much testing necessary
Higher download data rates Very high download data ratesAdvantages Proven technology Smaller spacecraft components Smaller spacecraft components
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The telecommunication alternatives were (a) the use of the current telecommunications
network and technology, based on the X-band radio frequency, (b) the use of the newer,
higher frequency Ka-band, and (c) the use of even newer optical telecommunications.
Each telecommunication platform alternative had its technical strengths and weaknesses,
with implications for the design of the spacecraft as a whole. For example, the newer
technologies were expected to result in smaller, lighter spacecraft and higher data
throughput, which could result in less expensive missions. However, they also suffered
from technical risks not present in the current X-band system, such as weather losses. For
more details on the pros and cons of these technologies, see (Larson and Wertz, 1992;
Jackson, 1999).
The first step in the study was to specify what the different platforms were. The design
team and experts from each technology specified the structure and performance of each
telecommunications platform. These choices remained frozen for the remainder of the
study. The number of ground stations, their capabilities, operation costs, etc. were
specified for each alternative platform. Table 4.1 summarizes this information. Note that
some choices had options that could be considered alternative platforms, such as the
choice of a three-station versus a nine-station optical ground network.
The desired family in this case was the roadmap of missions that had to be served by the
chosen telecommunications platform. The roadmap for the next 26 years of NASA
missions had already been defined and was assumed to be the desired set of variants.
Ideally, one would like to model each desired variant for each platform to the point where
performance and cost differences among the alternatives are well known. However, for
very complex products such as spacecraft, modeling each variant takes a large team of
experts a significant amount of time. In this case, where more than one hundred
spacecraft and three or more platforms had to be considered, modeling all alternatives
was impossible. Instead, the roadmap was classified into similar types of missions
according to their telecommunications, namely,
" range, since that determines the transmitting power required and the size of
telecomm components
" length of observation time, since it affects the amount of data and the duty cycle,
and
" the length of time available to transmit the data, since that determines the rates
needed and the criticality of having a reliable link.
A representative mission from each type judged to be a good model for that class of
spacecraft was chosen to be studied in detail. Of nine total types of spacecraft that the
roadmap was split into, only four were considered worth exploring. The remaining types
were not explored because either they represented very few of the total number of
spacecraft or they were judged to be good candidates only for the existing
telecommunications platform and would not have been built based on any of the
proposed new technologies. It was assumed that missions with similar
telecommunications profiles would exhibit similar performance and cost benefits from
utilizing a particular platform. For simpler products or smaller families, it may be
possible to study each desired product individually.
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Table 4.2 - Effect of different platforms on a long-range type of spacecraft variant.
Telecommunications Platform, X1,
X-Band Ka-Band Optical
____ _ _ ___ 
____ 
___ ___ ___ 
____ ___ __ 
____ ___ ___ 
___ 
(BASELINE)
Attitude Control --
Doa Handn Ground navigation Ground navigation Autonomous navigation
Dptita &aX-band
Telecomm X-band system Ka-band system Optical & X-band
________________backup_
Power Extra battery --
Propulsion -- --
Structures -- --
Thermal Additional dissipatinghardware
Instruments -- --
Launch Vehicle Delta III Delta II Delta II
Z
0
Reduced flight time.
Grouind navigation. Ground navigation I Autonomous navigation
Mass (relative toUbsln)1.18 1.0 1.0z baseline)
Cost (relative to 1.02 0.99 1.0
>0 baseline)
Launch margin >0 >0 >0
In addition to selecting the variants, constraints were imposed on the desired final family
of missions. One such constraint was the requirement that all variants had to return a
specific amount of science data, considered the minimum acceptable science return for
the spacecraft. The variant designs had to be adjusted to achieve these levels of desired
performance. On the other hand, other constraints commonly used in this type of concept
study were relaxed. For example, current funding limitations for these types of missions
had created an impression in many of the participants of the study that only launch
vehicles up to a certain size could be used. This restriction was considered to be too
constraining to the design of some of the variants, and was explicitly relaxed during the
study, so that some of the missions ended up with larger than usual launch vehicles, but
as will be shown in the Results section, were also reasonable solutions.
With the platforms already defined, each of the variants' designs was then adjusted and
refined until the performance met the desired mission requirements and metrics such as
mission cost were optimized. In this particular exercise, the platform was not changed
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Operations
once selected. However, for more in-depth studies, iteration through the re-design loop
in Figure 4.1 (re-specifying the platform, then completing the variants' designs once
more) may be required.
The process was repeated for the three alternative platforms. That is, for each
representative mission, three different, complete spacecraft designs were obtained: one
based on the current X-band platform, a second based on a Ka-band platform, and a third
based on an optical platform. The design choices, performance changes, and mission cost
savings (relative to the initial design) were obtained from the outputs of the design
models. Table 4.2 summarizes the results for one of the representative variants studied, a
long-range spacecraft with long observation times and long periods for data downlink.
4.5. Results
The main result of the above implementation was to obtain conceptual designs for three
alternative spacecraft families, based on three telecommunications platforms. All
families were technically feasible and could be compared to the other alternatives in
quantifiable performance measures produced by the models.
The alternative families were obtained following the steps described in Figure 4.1. Each
platform was described in terms of its design choices, such as number of stations, type of
antennas, cost per hour of operation, etc. These variables were then frozen to define the
platforms, and became the basic building block for the design of each variant that was
derived. The design of the variants was then adjusted to fit the platform choices, until
feasible designs were found, and finally adjusted to optimize system metrics such as the
cost of the spacecraft.
An example of how this study followed the proposed interactive optimization approach
can be seen in Table 4.2. With the defined set of three platforms, the design team created
three variants that could achieve the technical requirements for the given mission. They
did so by adjusting the variants to accommodate the already defined platforms. The first
(baseline) variant was built around an optical telecomm platform. Changing that to a Ka-
band platform based design did not involve many subsystem changes outside of the
telecomm subsystem. However, changing to an X-band based spacecraft required
extensive changes to the power and thermal subsystems, as well as a larger launch
vehicle to accommodate a much larger antenna. Nonetheless, its design could still be
optimized to create a feasible spacecraft system, which turned out to be very similar in
cost to the other two alternatives.
4.6. Chapter conclusions
A quantitative method of designing integral product platforms and their derived product
families has been presented. This method takes into account the performance
requirements of all variants to be derived from the platform, and reports their
performance and costs. Designers are then able to select combinations of platform and
variant designs that make economic sense and satisfy the performance requirements of
the given set of products. This modeling approach also allows designers to explore
shared technologies and their effects on sets of planned future products.
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The platform design approach shown in this paper has been applied to sets of
interplanetary missions under development at JPL. Alternative platforms and variants
were designed for sets of planned future missions to form alternative mission family
designs. These families of products were compared through quantitative performance
metrics against one another in order to select the most appropriate design for the
organization. The effect of different platform choices on the design of spacecraft
subsystems could be explored through the models shown to identify good or poor
candidates for sharing across missions.
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5. Modular Platforms
In this chapter a method for designing families of products built onto modular platforms
is presented. A modular platform is one that allows for swapping of modules to configure
multiple products in a family. The basic optimization problem shown in Chapter 3 is
extended here to modular platforms and used as the basis for a practical implementation
similar to that shown in Chapter 4 for integral platforms. This method allows for the
design of the modules that are shared across multiple members of the family, or the
platform, as well as the portions of the products that are individually designed, or the
variants. The result is a candidate design for the product family: both the combinations
of modules that should be shared and across which of the products, and the desired
settings for the shared modules and the individual portions of each variant. The
procedure is illustrated by an example of the telecommunications subsystem design for a
set of spacecraft. The optimum degree of commonality for the set of products is found,
as well as optimum settings for the common modules.
5.1. Introduction
Even within a platform-based design strategy, there are different ways a firm can use to
create a product family. One way is to use an integral platform as shown in the previous
chapter. This is a single, monolithic part of the product that will be shared by all the
products in the family. A more general case of platforms than that shown in the previous
chapter is a modular platform. In this case, the basic product being designed is divided
into modules that can be swapped by others of different size or functionality to create
variants. For example, there is no single launch platform for interplanetary spacecraft;
instead, these missions use one of a few possible instances of rockets (e.g. Delta II, Delta
III, Atlas II, Space Shuttle, etc.). With a modular platform, the platform is the set of
modules that is reused across the product family. Figure 5.1 shows schematically the
difference between integral and modular platforms and their derived variants.
Firms usually have sets of modules already designed for previous products that could be
reused, as well as the resources to design new versions of the same modules or modules
with new functionality. In addition, there exists the possibility of purchasing modules
from existing catalogs, or even outsourcing the design of new ones. Therefore, designing
a new modular platform and variants requires a method that can both utilize existing
modules as well as specifying new ones in order to find the most appropriate product
family solution.
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Figure 5.1 - Integral versus modular platforms and derived variants.
5.2. Approach
The goal of this chapter is to provide the basis for a method by which teams can design
families of products that are based on modular platforms. With it, designers will be able
to pick the right combination of common and unique modules for each desired product,
as well as to choose the design targets for each of those modules.
This section only considers product families that have a defined product architecture.
That is, the topological breakdown of all parametric variables into sub-groups that will
serve as modules is determined when this analysis is performed. Of course, alternate
breakdowns could also be compared by repeating the analysis. In any case, many
products have an accepted architecture with defined modules (or subsystems) and
interfaces. In the case of interplanetary spacecraft this is generally true. Generic
subsystems and interfaces are defined and a generic architecture is reused in most cases.
This is confirmed by the composition of the team that designs spacecraft concepts at JPL
(Team X): the same group of subsystem experts explores the majority of the concepts that
will be built into JPL spacecraft. Each of these subsystems is assumed to be present and
required to some extent in all missions.
As can be seen schematically in Figure 5.2, we consider products that are composed of a
set of known modules that are connected by compatible interfaces. Figure 5.2 is
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Figure 5.2 - Elements of a modular product family.
schematic but, for example in the context of spacecraft design, one can think of module I
as being the science package, module 2 as a solar power generation module, module 3 as
a telecommunications module, and module 4 as the launch vehicle module. The finished
products formed by the modules are the variants that in turn compose the product family.
Furthermore, each of the modules used in each of the products may have more than one
instance. The different instances provide the sizes and capabilities that are required by
the desired product variety. Any of the instances of each module could potentially be
used as part of the product, as long as the instance satisfied the requirements of the
product as a whole. In most cases, firms will have existing collections of modules that
need to be considered for potential use in the variants. These may even be modules
purchased from suppliers.
Some of the modules used in each product may be unique, that is, not shared with any
other member of the family. We will still consider these unique portions of the design as
module instances, except that they will be special cases that are only used once in the
family. Finally, designers may choose not to use a module in one or more of the variants
if the functionality it provides is not necessary in that product. Variant B in Figure 5.2
does not require module 2; for example, this module may not be used in a deep-space
mission since solar panels are not used in outer-planet spacecraft. Also, module 1,
instance 3 and module 3, instance 2 are not used in any of the products shown. These
may be insufficient or incompatible module instances for the desired products.
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5.2.1. Problem Statement
The problem of designing a modular family of products is in this case then reduced to
finding the right mix of module instances to use in each of the desired variants, as well as
determining the targets for the instances that need to be newly created. We now proceed
to formulate this type of design as an optimization problem of the form shown in
Equation 3.4, one that a design team can interact with and explore practically.
Product Family
We choose to describe the desired family of P products as a set F, where
F = {A, B, C, * - , P}. We also describe the design of each product i by the vector of
design variables X; , where i = A, B, C,- -- P. Each product is split into modules indicated
by the subscript j, given by the chosen generic product architecture, where j = 1,2,--., J .
That is, all products have the same number of modules, J, even if some may not be used
in particular members of the product family. Lastly, each module j can have many
instances that could be interchanged to provide the desired function at various levels, and
are indicated by the superscript k, where k =1,2,.--, K1 . Note that each module can then
have a different number of possible instances, K1 . In the example in Figure 5.2, the
product family is F = {A, B, C}; the number of modules, J = 4; the number of instances
for module 1, K, = 3, for module 2, K 2 = 2, for module 3, K 3 = 2, and for module
4, K 4 = 3.
Module Instances
The vector of variables describing the design of the jth module, kth instance, Xk , is
composed of h design variables, so that:
-k k k k k
x =[i , x2.,x37.,''-',xHi . I
where Hj is the number of variables used to describe module j. For the example in
Figure 5.2, module 2 can be described by three design variables, x, , x2 , x3 , so H2=3,
whereas module 3 is described by two variables, x1 , x2, so H13=2. An example of this
situation in the context of a battery-powered tool, for instance, might be the following:
Module 2 is the motor, described by X2 = [power, voltage, diameter].
Module 3 is the battery, described by i3 = [energy capacity, voltage].
The design space of all the elements that can be used in the family is then described by:
- -1 - -I. ... 4'] KjX = [i12 K X1'X 2 K 2 x
Finally, we define the module mix matrix, M, to represent the mix of module instances
used in a product family, such that:
62
{o if module jis not used in producti
k otherwise, where k is the instance used for module j in product i
For example, in Figure 5.2, the module mix matrix would be:
M= 2 0 1 2
1 2 1 3-
Note each row indicates what module instances are used in each product i, and each
column indicates what instances are used for each module. The third column shows, for
example, that the same instance of module3 is common to all three products. The zero in
the second column shows that module 2 is not used in product B.
5.2.2. General Optimization Formulation
The problem we would like to solve is to choose the target values for each module
instance, and the mix of element instances used in each product of the family. To do this,
we formulate the problem as a vector optimization, as follows:
m. fi(Xi,M) i=A,B,---,P (5.1)
R,Mj f(X,M)
subject to:
(A) Constraints on the family as a whole.
(B) Constraints on each variant.
(C) Constraints from sharing.
(D) Module compatibility constraints.
In other words, optimize, over the design space of all the module instances and the mix of
instances used in the product family, a set of objectives, some that are individual to each
variant i, and some that are general to the whole product family, subject to the four types
of constraints listed above. We now detail the optimization problem stated above, both
objective functions and constraints.
5.2.3. Objective Functions
The formulation shown above implies that some form of multi-objective optimization is
typically required. In general, there may be objectives that depend on the design of the
whole family, such as maximizing the profit for the set of products, and a set of
individual objectives, one for each variant. For example, one of the variants may be
optimized for a given performance criteria such as speed, while another variant in the
same family may be optimized for minimum mass. A similar formulation is suggested in
Nelson et al. (1999), where it is covered in more detail.
A problem of this type could be solved through an interactive negotiation exercise as
shown previously in Chapter 4. It could also be solved through the use of some
transformation function that converts the vector minimization into a weighted sum or
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utility function optimization. A number of these methods exist, among them those by
Thurston (1990), Mistree et al. (1993), Antonsson et al. (1998), and Hazelrigg (1998).
The approach presented in Chapter 3, based on value to the firm, is also one of these.
5.2.4. Constraints
There are four types of constraints in this formulation. Family capacity constraints apply
to the set of variants in the family, such as a limit on the number of units that can be
manufactured. Individual capacity constraints apply to each variant in particular. For
example, two products may have different limits on their power consumption since one is
plugged to an electrical outlet and the other is battery-powered. Constraints from sharing
apply to all the module instances that are used in more than one product, and specify that
their designs must be the same. Finally, module compatibility constraints arise from the
compatibility (or lack thereof) in the interfaces among the possible module instance
combinations that can be used in each product. These four classes of constraints are
described in more detail and expressed analytically in the following sections.
Family capacity constraints. These are capacity constraints imposed on the whole set of
variant products, and are therefore functions of the chosen design of each module
instance and the mix of modules used. Examples of this type of constraints may be limits
on the number of module instances that can be designed by the existing design team, or
limits on the number of module types, instances, or volumes of each produced,
distributed, operated, or maintained. These constraints could include all phases of the
product lifecycle that wish to be considered.
In general form, family capacity constraints can be expressed as follows:
g(XM)! f (5.2)
where f is the vector of targets or requirements, in this case, for the family of products.
However, Equation (5.2) is quite general and not sufficiently detailed. To better model
these capacity constraints, we define the function y as the contribution of instance k of
modulej used in the product family to the capacity under consideration, so that
k M if M - -# 0
Y = M1  if 0 (5.3)
0 otherwise
One can choose to model the capacity contributions y as functions of the reuse of
module instances across the family by introducing the instance contribution factor Dk to
account for advantages (or possibly disadvantages) from sharing. Then the constraint on
the family for a given capacity has the form:
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y -D <r (5.4)
j=1 k=1
where
kU -/\ k
D = 1k-Lk (5.5)
n=1
where Lk. is the discount factor for reusing modulej, instance k, such as a learning-curve
k
effect, and u1 represents the number of uses in the family of module j, instance k, given
by:
P
u = (5.6)
i=-I
{i if M- =# fMi~ (5.7)
0 otherwise
In the example in Figure 5.2, the number of uses of module 1, instance I is u = 2.
Then, suppose the discount for reuse of this instance, LI ,is 5 percent. That is, the second
use of this module instance will require 95% of the capacity used by the first use. Then
the total instance contribution factor for a given capacity, such as power, would be
D = 1+ (I -0.05) = 1.95. The sum across all the instances used in the family yields the
total capacity used by the family. For capacities that do not depend on sharing, we can
simply set L = 0.
Individual variant capacity constraints. These are capacity constraints imposed on
individual variants. They are functions of the mix of module instances chosen for that
variant and their design settings. In general form,
9 g (.Tc , M) ! t (5.8)
where tf is the vector of targets or requirements for product i. This category of
constraint includes most requirements placed on a variant. For example, one of these
constraints might be a limit on the power consumed by the spacecraft. This will be a
function of the modules that are picked for that spacecraft, and their specifications.
Constraints from sharing. These are constraints arising from the fact that some module
instances will be shared across products in the family. Therefore, the design of the
shared instances must be the same wherever they are used:
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5 MRJ MS,J V(R,Se FxF M R'=MsjRE F,Se F,R t S (5.9)
For any pair of instances R, S, of a module j the vectors describing their design must be
the same if they are a shared instance.
Module compatibility constraints. These are constraints imposed on mix of modules
used on a product in the family. They arise from the compatibility of interfaces among
the modules in a product, so they are functions of the chosen mix of modules. Here, only
two-way compatibility among modules is considered. That is, if there are
incompatibilities arising from the use of combinations of more than just two modules,
these are not considered. An example of this type of constraint would be the use of a
module that handles signals in digital form with another that only accepts analog signals.
To model the compatibility constraints, the matrix Cis defined with m rows and
columns, where m is the number of module instances considered for use in the family,
J
m= YK (5.10)
j=1
The elements of the compatibility matrix, Cml,m2 are given by:
{I if module instance ml is compatible with module instance m2
0 otherwise (5.11)
Then the compatibility constraint for product i for a given capacity has the form:
I
11 C(MiJI,MiJ 2 ) >0 (5.12)j1,j2=1
For the example in Figure 5.2, module 3, instance2 is not compatible with module 4.
Then the compatibility matrix would be:
(n Wj (n V C) (0~ V ) (n (
C'j Cqj cli C6
1 1 1 1 1 1 1 1 1 1 module 1, instance 1
1 1 1 1 1 1 1 1 1 1 module 1, instance 2
1 1 1 1 1 1 1 1 1 1 module 1, instance 3
1 1 1 1 1 1 1 1 1 1 module 2, instance 1
1 1 1 1 1 1 1 1 1 1 module 2, instance 2
C 1 1 1 1 1 1 1 1 1 1 module 3, instance 1
1 1 1 1 1 1 1 0 0 0 module 3, instance 2
1 1 1 1 1 1 0 1 1 1 module 4, instance 1
1 1 1 1 1 1 0 1 1 1 module 4, instance 2
1 1 1 1 1 1 0 1 1 1 module 4, instance 3
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5.3. Implementation
In this section we present a practical implementation of the formulation shown above.
This method is illustrated throughout this section with an example of a set of spacecraft
to be designed using a modular platform. A genetic algorithm (GA) is used to search for
a solution for the product family design that optimizes a family objective (the total cost of
the family), as well as individual variant objectives (the amount of data returned to Earth
by the spacecraft).
Spacecraft Design Example
The following example is similar to the one shown in Section 4.3, except that the
spacecraft subsystems are now modular instead of an integral platform, and several
instances of these subsystems are found in catalogs of existing modules. In the example,
three variant spacecraft need to be designed. It is desired to minimize the cost of the
family, while at the same time maximize the amount of data returned by the missions.
For simplicity, only the three subsystems most affected by the objectives will be
analyzed. Those are the telecommunications, power generation, and science payload
subsystems, which will be considered as modules. For two of the modules, the desired
functions can be accomplished by using one of several already existing instances. For the
telecommunications module, no instances exist, so that the design targets will have to be
determined. The instances are listed in more detail in Table 5.1.
The data returned by each of the missions is highly valuable to the scientific community.
This provides an incentive to fly a mission that can download as many data as possible.
On the other hand, missions that generate more data are generally larger and more
Table 5.1 - Spacecraft module instances, available and to be designed
MODULE INSTANCES
Science Module j= 1, K, = 3
Power Data volume Cost
(W) (bits) ($)
Instance 1 1 2.OE+08 3,380,805
Instance 2 5 5.OE+08 4,144,213
Instance 3 10 5.OE+09 10,905,824
Power Module j= 2, K2 = 2
Generated Power Cost
(W) ($)
Instance 1 80 14,152,000
Instance 2 120 18,592,000
Power Module j= 3, K3 = 2
xl x2
Antenna dia. RF amp. Power
(W) (W)
Min. Max. Min. Max.
0.1 2.0 1 20
2ntnc
67
Module Mix Matrix
Modules
Module 1 1 Module 2 1 Module 3
A
Module Instance catalogs
Science
mod.1,1 1 2.00E+08 3,380,805 20,000,000
mnod. 1,2 5 50E0 I 41423S 30000,
mod.3 10 5.00E+09 1$10,905,824 1$ 40,000,000
Rouse discount 67%
Telecomm
M o d u le 2 m ..2 1
mod.211 S
mod.22 S 14,627,466
Reuse discount 10%
Power
Module 3
120. 18 F0 0
Reuse discount 15%
Compatibility matrix
mod.1 1 mod.l.2 mod.1.3 mod.2.1 mnod.2.2 mod.3.1 mod.32
I I 1 I 1 1
1 1 1 I 1
1 1 0 1 I I I
Figure 5.3 - Spreadsheet model for spacecraft family example.
expensive. The rising costs provide an incentive to reduce the scope of the mission.
There also exist constraints for each of the missions; for example, the power margin for
each individual spacecraft must be positive for a feasible design. In addition, the design
of the three modules under consideration is coupled. The data rate at which science data
is downloaded is a function of the size of the antenna used to transmit and of the power of
the amplifiers used. The power of the amplifiers, however, is limited by the amount of
power that can be generated by the spacecraft. The amount of data generated by the
science package affects the complexity and thus the power consumption and the cost of
the module, but at the same time it increases the data volume returned to Earth. Finally,
there are constraints on the family as a whole; in this case, there is a maximum budget for
the combined set of spacecraft. All these relationships among the modules are captured
mathematically in a spreadsheet model of the system. This model relates the design
choices, Xj, and the module mix matrix, M, to system performance metrics such as
mission cost and power margin, as shown in Figure 5.3.
5.3.1. Gathering Model Inputs
Desired Product Family and Product Architecture. At the beginning of the design
exercise, one first needs to determine both (a) the desired product family, and (b) the
generic product architecture for those variants. The product architecture is the plan for
how a variant will be split into modules, and how those will interface with one another.
Once that is determined, one can use the models shown here to arrive at a solution for the
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Product Model
Poduct
Units A S C
Power
SciencePower W 5 5 1
TelecommPower W 72 72 112
PowerConsumed W 77 77 113
PowerMargin W 3 3 7
Taleooesm
Data size bits 500,000,000 500,000,000 200,000,000
Datarate bits/s 23.964 764 70
Passes needed 1.45 45.44 198.57
Passes/week 0.01 0.44 1.91
Download cost $ $ 13,899,189 $ 15,698,581 $ 26,277,892
Coet Individually designed
Module 1 cost $ $ 4,144,213 $ 4,144,213 $ 3,380,805
Module 2 cost $ $ 14,e27,466 $ 14,627,486 $ 16,828,898
Module 3 cost $ $ 14,152,000 $ 14,152,000 $ 18,592,000
Other subsystems cost $ $ 90,000,000 $ 90,000,000 $ 90,000,000
Net cost w/o sharing $ I 105,622,545 101,622,240 S 135,0793AN4
Family not cost w/o sharIng S 350,324,501
Cost wilh modular pletform
Module 1 cost $ $ 4.144,213 $ 1,367,590 $ 3,380,805
Module 2 cost $ $ 14,627,466 $ 13,164,720 $ 16,828,896
Module 3 cost $ $ 14,152,000 $ 12,029,200 $ 18,592,000
Other subsystems cost $ $ 90,000,000 $ 90,000,000 $ 90,000,000
Net cost wth shaing $ $ 10.622,149 $ 102,2s0,9g1 S 135,079,3e4
Famli net cost wIlh eherino IS 34312311
mod.1,1
mod.1,2
mod. 1,3
mod.2,1
mod.2,2
mnod.3 I
rnod.3,2
nortfolio architecture, or the nin for how the variants will share module instances to
offer the desired product family.
For the spacecraft example both the desired product family and product architecture are
known. Three spacecraft are to be designed, missions A, B, and C. For each, two
modules need to be picked from existing catalogs, and one needs to be specified. The
remaining subsystems are individually designed and were not affected by the module
choices and thus for simplicity purposes are excluded from the analysis.
Product Model. The next step is to figure out what the relationships among the modules
are, and what is their effect on system performance indices. These relationships can then
be used to build a mathematical model of each of the products and the family as a whole.
For this example, the resulting model was coded in a spreadsheet program as shown in
Figure 5.3. This model is a simpler version of the spreadsheet models used to explore
conceptual designs for spacecraft by Team X at JPL. The cost models used in this
spacecraft design example are also those used by that design group at JPL, and can be
found in (Rosenberg, 1998).
Objectives. The objective functions for both individual variants and for the product
family as a whole need to be specified. In the spacecraft example, the individual mission
objectives are to maximize the volume of data returned to Earth. The family objective is
to minimize the total cost of the set of spacecraft. In this case, the objectives are
combined into a single objective function by transforming the data returned by each
spacecraft into their monetary value and subtracted from the cost of each mission, in
order to obtain a net cost for the family. This single resulting objective can now be
minimized using the GA solver.
Constraints. The next step is to determine the constraints on the design. These will fall
under the types of constraints listed in Equation 5.1.
First, one needs to determine the capacity constraints on the product family as a whole.
These could include, for example, limits on the development budget for the set of
products. For that particular case, there is likely to be discounts from sharing of module
instances across products. A second example may be a limit on how many instances of
each module could be used to build the product family, or K1 . This limit may arise from
the design capability of the firm, from a manufacturing limit on the number of instances
produced, or from a number of other lifecycle concerns which can be grouped in general
terms under DFx categories (Design For Assembly, -Maintainability, -Manufacturing,
-Environment, etc.). Similarly, one needs to determine allowable ranges for variables
describing each module, e, from which targets for each instance will be selected.
Again, these ranges may be determined from a variety of lifecycle concerns, as well as
known feasibility limits.
The next step is to determine the capacity constraints that apply to each individual
variant. As in the case for the family constraints, these may or may not depend on the
reuse of module instances on previous variants.
Constraints from sharing can be directly coded into the spreadsheet model. These
constraints specify that whenever a module instance is chosen for a variant, the same
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design variables and parameters are used to describe it. This is simply entered into the
spreadsheet product model formulas by using the same references any time a particular
instance is used in a product.
Finally, compatibility constraints can be introduced into the spreadsheet model by first
constructing the module compatibility matrix, C, and then adding constraints to the GA
to force it to only consider combinations of module instances that do not cause an
incompatibility.
In the spacecraft example, the number of desired instances for each module, Kj, and the
ranges for each instance design variable are listed in Table 5.1. The science module can
be chosen from a catalog of three already existing instances. The first instance is a
reduced science package intended to conduct magnetic-field type of measurements on the
destination planet. The second instance includes a charged-particle measurement
instrument. The third instance consists of an electrical-field type of instrument. The
power consumption, amount of data returned, and cost of each science module instance
increases also in that order. Similarly, the power generation module can be chosen from
a catalog of two existing instances. The first is a lower power capacity, lower price unit,
and the second is a higher price unit with higher power generation capacity. Lastly, the
telecommunications module needs to be newly designed. It is decided that a modular
platform-based design should use a maximum of two instances for the
telecommunications module. Target settings for two variables, the antenna diameter and
the power of the radio-frequency (RF) amplifiers, need to be specified to define the two
instances to be used. The determined acceptable range for each of these variables is also
shown in Table 5.1.
Also, in this example the individual variant constraints are the following: the cost for
each variant must be below a given mission budget; the power margin for each mission
must be positive. The sharing constraints are coded into the spreadsheet formulas by
referencing the same set of parameter and variable cells for each use of a particular
instance. Finally, the compatibility constraints for this example are included in the
compatibility matrix shown in Figure 5.3; the largest power generating module instance
is incompatible with the third (most complex and sensitive) science module.
5.3.2. Obtaining a design solution
With a model of the products and family, the desired objective(s), and the constraints as
described in the previous section, one can search for a solution to the design problem.
The goal is to arrive at the optimal mix of instances to use in each product, or the module
mix matrix, M*, and target settings for the new module instances, 4 *. In order to
accomplish this, a genetic algorithm (GA) is used and coupled to the existing spreadsheet
model. A genetic algorithm was chosen as a solver for its ability to overcome the
combinatorial nature of this type of problem and the many discontinuities in the design
space that arise from the use of different combinations of module instances.
The objectives and constraints listed above need to be entered into the GA, as well as the
allowable ranges for the design variables for new instances. These ranges are entered as
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constraints and also used to determine starting values for the search. In the example, the
midpoint of each range was used as the starting value for each variable.
Once set up as outlined above, the GA can be run to find the optimum module mix and
instance target settings. Once an optimal solution is found, any instances not used in any
of the products can then be eliminated from further consideration.
Although in this example multiple objectives were combined into a single function, the
GA can also be run for each objective individually, determining the optimum design for
each objective. If the designs chosen for all the objectives coincide, then the best
solution has been found and the search is done. If this is not the case, then the Pareto
optimal set of solutions needs to be explored. Knowing this set of solutions then allows
designers to choose a tradeoff between the objectives that is appropriate and still select a
non-dominated solution. This approach is described in more detail in Nelson et al.
(1999). An alternative method of utilizing GA's to multi-objective optimization is shown
in Grignon and Fadel (1999), and further discussion of the use of GA's for design search
can be found in Wallace et al. (1996).
5.4. Results
The results of the product family design exercise for the spacecraft example are
summarized in Table 5.2. When the three spacecraft are designed individually, without
regard for sharing, the module mix matrix still shows a little commonality: the power
module is the same in two of three missions. The settings chosen for the
telecommunications module, which needs to be designed, are shown for each of the
products. The product family cost for this case is shown at the bottom of the table.
Similarly, the chosen module mix is shown for the modular platform-based design case,
where commonality is planned in order to take advantage of sharing discounts. In this
case, the telecomm module becomes common to two of the three spacecraft, in addition
to sharing the same power module in two missions as in the individually designed case.
Also note that the telecommunications module settings (antenna diameter and amplifier
Table 5.2 - Design results summary for spacecraft family.
Individually designed Modular Platform-Based
Design Variables MISSION VARIANT
Name Description Max Min Units A B C A B C
k, Science module choice 1 3 3 2 1 2 2 1
k2 Telecom module choice 1 2 Individual Individual Individual 2 2 1
k3  Power module choice 1 2 1 2 2 1 2 2
x21
1  Antenna diameter, telecom instance 1 0.1 2.0 m 1.04 1.64 2.00 1.19 1.19 -
x2,2I RF power, telecom instance 1 1 20 W 8 13 14 9 9 -
x21
2  Antenna diameter, telecom instance 2 0.1 2.0 m - - - - -- 2.00
x2. RF power, telecom instance 2 1 20 W - - - - -- 14
Performance
Data Volume (Mb) 6,000 500 200 500 500 200
Download data rate (bits/sec) 16,378 1,850 70 23,960 764 70
Mission cost ($M) 104.0 112.6 135.1 106.6 102.3 135.1
Family cost ($M) 351.7 344.0
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power) for the instance shared in two products now change to values between the ones
chosen in the individual designs. At the bottom of the table, the cost for the platform-
based product family is reported. In this case, discounts from sharing module instances
are realized, resulting in a lower family cost.
An interesting additional result is that the individually designed set of products is still not
as good as the platform-based case, even when discounts are assumed to exist for the
accidental (not planned) level of sharing present in the individual products case. This
represents the most optimistic case for the individually designed product family, and it is
still not as good as the platform-based design. Finally, it is worth noting that if the
discounts from sharing did not exist, the individually designed product set would be a
better design than the platform-based family. This is expected, since the configurations of
the first case are not compromised, as is the case in the platform case, where
compromises are made in order to obtain a better family cost. For example, the data
volume returned by mission A and the data rate for mission B are reduced in the
platform-based design. Furthermore, the cost of the platform-based version of mission A
is higher than its individually-designed counterpart. These tradeoffs in performance and
costs are necessary to obtain a better overall family design when sharing advantages
exist.
In sum, when advantages from module re-use exist, the method above can be used to
determine the appropriate amount of commonality in order to optimize the product family
design. In that case, planning for commonality through the use of a modular platform
yields better designs than if products were designed one-at-a-time. The optimization
approach and implementation shown in this chapter can not only determine the mix of
existing modules that should be used to configure each desired product, but also specify
the target specifications for new module instances.
5.5. Chapter Summary
In this chapter we have presented a method for designing families of products built onto
modular platforms. The method allows for the design of the modules that are shared
across multiple members of the family, or the platform, as well as the portions of the
products that are individually designed. Also, the method allows for the use of both
existing module instances from catalogs and new ones to be designed.
The result of applying the method is a candidate design for the product family, both the
combination of which modules should be shared and across which of the products, as
well as the desired settings for the shared modules and the individual portions of each
variant. The procedure has been illustrated by an example of the design of three
subsystems for a set of spacecraft. Using a genetic algorithm, the optimum degree of
commonality for the set of products was found, as well as optimum settings for the
common modules. Platform design was shown to outperform individual design when
sufficient discounts from sharing exist.
72
6. Development Uncertainty and Product Family Selection
6.1. Motivation
The previous chapters have focused on the specification of a product platform and its
variants to arrive at technically optimal (or at least near-optimal) family concepts,
essentially as if all were developed at a single point in time. In reality, product families
are usually developed over long periods of time. This section addresses the effects of
uncertainty during the development of a product family, and presents models to help
select from feasible designs that were obtained using the models shown in previous
chapters. The models in this chapter are used to solve the second step in the overall
optimization presented in Chapter 3.
6.1.1. Flexibility and Uncertainty
One of the main questions designers face when designing a platform is how much
flexibility to build into it. Two types of uncertainty affect this decision: technical
uncertainty about the performance of the chosen design and market uncertainty, or how
well the final products will do in the market. If one can build a model of the
development process for the family and of its outcome in the market, including the
uncertainty associated with both, then one can use those models to decide how much
flexibility should be built into the design to optimize the benefit to the company.
Technical and Market or Operational Uncertainty
The technical development of a product family usually follows a path with known stages
that are determined by the company's design process. For example, an initial prototype
may be built, followed by a design review, a second prototype and testing stage, another
design review, then pilot manufacturing, release to manufacturing, etc. This process
includes several decision points, where funding is decided for continuing on to
subsequent development stages or alternative paths of development are taken. It also
includes uncertain events, such as the outcome of testing stages.
Finally, at the end of those development paths that lead to a finished product (some paths
may end before that point), an outcome from marketing or operating the product is
realized. These outcomes of developing a family of products are also uncertain at the
initial stages of design. Modeling this type of uncertainty is necessary in order to pick
the right amount of flexibility into a design so that it will still be successful even under
market changes. Each of these development stages involves a certain amount of
uncertainty which will be modeled in detail in the following sections.
6.2. Models for Uncertainty
Several methods exist to model uncertainty in design. However, they address uncertainty
in the designers' preferences. Examples of these methods are the use of fuzzy sets, utility
theory, the Analytic Hierarchy Process (AHP), the Decision Support Problem (DSP),
among others. Introductions to these methods of modeling uncertainty in design
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preferences can be found in (Thurston, 1990; Allen et al., 1992; Otto and Antonsson,
1993; Chen et al., 1996; Hazelrigg, 1998). In the models shown in this thesis, it is
assumed that preference uncertainty is resolved through interaction among the designers,
as it is most often currently done in design teams. What is covered in this thesis is
uncertainty about the development and operation of the products after the design has been
specified. This is not uncertainty in preferences but simply unknown factors beyond the
designers' control.
The structure of the development process lends itself to modeling with decision analysis
tools such as decision trees. These can represent the stages of development, decision
points and associated investments, uncertain events such as testing or prototyping stages
and their costs, and the outcomes of launching the products into the market. Once a
decision tree model of the development is built, the value of the project or the identified
design alternative can be calculated. This is done by starting with the outcomes and
rolling them back to the base of the tree, or the decision point at the present time,
weighing the outcomes by their probabilities and discounting for the effects of time,
finally arriving at a current value for the design. These calculated values for each
alternative design can then be used to select an appropriate one, in affect solving the
second step of the optimization shown in Equation 3.5.
"Real" options are a concept used to quantify the value of development projects. It is
based on an analogy to financial options, but applied to "real" or physical assets. The
main advantage of using real options concepts to value projects is that they can quantify
the flexibility of the initial investments to uncertain future factors. Real options concepts
can be coupled with decision trees to provide a practical approach to measuring the value
of a design, one that is more accurate than simple financial metrics such as Net Present
Value (NPV) (also referred to as Discounted Cash Flow or DCF). This section will
describe real options in detail: the different types of analysis based on the basic concept
of real options, when they apply, the type of data that they require, and their outputs.
Finally, its application to product family development projects will be described and
applied to the spacecraft family design example shown in Chapter 4 to select from the
generated technical solutions.
6.3. Approach for Platform Selection
The reason for modeling development uncertainty is to be able to select designs that are
appropriate for the firm. Depending on the complexity of the products in question, and
the desired level of detail when making a design selection, different methods can be
applied to help make those decisions. This chapter will cover two types of models used
to select among technically feasible family designs.
The first method of selection shown in this chapter is a quantitative approach. However,
it is a single-metric evaluation of the alternative designs. It measures the value to the
firm of investing in the different alternatives. For projects where the outcomes can be
quantified in monetary terms, the method is applicable. The main advantage of this
method is that it accounts for the flexibility of each project; its main disadvantage is that
is hard to apply to project with multi-attribute outcomes that cannot be easily transformed
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Figure 6.1 - Product Family Development Timeline
into monetary terms. The telecommunications platform introduced in the last section is
analyzed here using the proposed options-thinking analysis, and results are shown.
A second, more basic (but also simpler to use) method for selecting among alternative
product family designs is an extension of the Pugh concept selection method to multiple
products. This is a multi-criteria, qualitative approach for comparing concepts, originally
used for multiple concepts of a single product. The following section extends that
method to compare family design concepts and applies it to the same example of
alternative spacecraft telecommunication platforms. Strengths and weaknesses are then
discussed.
6.4. Quantitative Approach
In this section, we consider the situation where a firm will develop the family of products
by first creating a platform, and then applying that platform to a series of variants i. A
basic timeline for a product family is shown in Figure 6.1. However, the approach shown
in this paper is easily adapted to other situations such as launching multiple variants
simultaneously, or developing the platform and the first variant concurrently.
A firm developing a family of products must choose a platform design at the beginning of
the timeline shown in Figure 6.1. Between that time and the time when each variant is
actually developed, there will likely be changes to the performance of the platform, the
requirements of the variants, the expected benefits from each variant, etc. This
uncertainty needs to be accounted for at the time the designs are chosen in order to select
the most valuable design for the firm. For example, one would like to design in sufficient
flexibility to accommodate the expected variations in requirements, or to maximize
profits despite changes in the markets.
We have chosen to use decision analysis tools coupled with real options concepts to
model the development path of the family. This approach was chosen because it allows
for a quantification of the value of a design that accounts for technical and market
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uncertainties; it is similar to those shown by Neely (1998) and Faulkner (1996). Decision
trees such as the one shown in Figure 6.2 represent the choices, chance events, and
outcomes that may occur during the development of the family. The output of these
decision trees is a value (to the firm) for the chosen design. Comparing these values to
those of alternative families, designers can begin to select the best alternatives. In the
following section, we introduce the concept of real options and how it can be used to
value candidate designs.
6.4.1. Real Options and Project Valuation
The traditional way companies use to select which projects or designs to invest in,
discounted cash flow analysis (DCF) or Net Present Value (NPV) calculations, does not
always accurately represent the actual value of the projects under study. That is because
DCF ignores the fact that project decisions are made at several different points in time,
for example at product design reviews, product release, etc. The assumption implicit in
DCF is that the whole investment of the project is decided today, and therefore it
miscalculates the effects of uncertainty and future information. In reality, investment
choices are spread over time, and as uncertainty resolves itself, downside losses can be
avoided by not investing more funds into projects or designs that have performed poorly
(Dixit and Pindyck, 1994).
The idea of options, born in the financial arena (Black and Scholes, 1973), has been
applied lately to better calculate the value of projects when uncertainty is present.
Options applied to non-financial assets have been called real options (Brealy and Myers,
1991; Sanchez, 1991; Nichols, 1994; Faulkner, 1996; Shishko, 1997; Neely, 1998). The
basic concept is the following: when investing into a real asset, such as a development
project (e.g. a product family design), an initial investment needs to be made (e.g., the
platform design). Usually this is a small investment compared to the investment that will
be made in the future to commercialize the resulting product (e.g. create the variants). A
real option exists because the firm has the choice to drop the project and not make the
commercialization investment if the development goes poorly or the market situation
changes. In that case, the only loss incurred is the initial investment. On the other hand,
if the expected return from the products looks good, the firm would likely make the
additional investment (e.g., design the first variant). The option to make or decline
additional investments into a design, for example, investing into the development of a
new variant, has value to the company. Traditional methods such as DCF do not account
for this extra value from flexibility, while real options methods do.
A simple example of the method for valuing family designs used in this thesis follows. It
is similar to examples in several previous papers on real options (Trigeorgis and Mason;
Dixit and Pindyck, 1994) that show the flaws in simple investment valuation methods
such as DCF analysis, but adapted to fit the particular case of designing product families
with platforms and variants.
Suppose a firm is planning a very simple family of products: a platform and a single
variant to be developed sometime in the future. At the point when the platform has
already been developed, the variant could either be built based on the platform or
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Figure 6.2 - A simple platform and variant development model.
designed individually. Using the platform and building the product as a variant may
provide some cost savings for the firm. The firm is trying to decide whether using
(investment in) the platform is worth it.
Figure 6.2 summarizes the example in a decision tree. The square nodes represent the
decision points, both the initial decision to fund the platform development and the
subsequent decision to fund the variants to be developed based on the finished platform.
Each of the different branches from the decision nodes has an associated investment.
Some of these branches require zero investment, meaning that the decision taken is to
discontinue funding in the project. The circular node represents a chance event, such as a
testing or prototyping stage, which has an uncertain outcome. In the figure, the uncertain
node has two possible outcomes, each with a different probability of occurrence: either a
finished platform with great performance ratings, or one with poor performance ratings.
Finally, the triangular nodes are outcome nodes. These represent the possible outcomes
of developing the product family.
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For the purposes of this illustration, assume the following:
* The investment necessary to develop the platform, I,, is $10.
" If the platform is funded and designed, the probability that the requirements of the
product will be within the platform capabilities, p, is only 20%.
* If the product to be offered, product A, can be designed as a variant, its costs drop
by $100 due to savings in design costs; however, there needs to be an additional
investment, IA, of $30 to produce the variant.
" If product A cannot be easily built from the platform, the cost savings drop to $20
due to the extra cost of creating a variant from an unsuitable platform. This
scenario also has an 80% probability, (1-p), of occurring.
" The expected revenue for the product is the same whether it is designed
individually or as a variant, so the outcomes in this case reduce to just the cost
savings achieved by using a platform-based design versus using an individual
design.
Using the traditional DCF approach (Dixit and Pindyck, 1994), one would calculate the
value of the platform investment, V, (ignoring for the moment any discounting for time)
as follows:
V =[p -100+(1- p).20]-[p -IA +(1- p)-IA]-Io =-4 (6.1)
That value would indicate that the investment into the platform is not warranted. The
same project would be valued using real options concepts (Dixit and Pindyck, 1994;
Faulkner, 1996) as follows:
V = p -max{(100 - IA),01-(1- p). max{(20 - IA),01-10 = 4 (6.2)
This second value is more realistic, since it includes the value of the real option existing
in this case: the value of having a choice over whether to use the platform or not. When
development of the product begins, we can decide whether to design it as a variant or as
an individual product, depending on which choice makes the most sense economically.
We can see that investing into the development of the platform creates an option for the
firm in the future, and that the flexibility to choose from a variant or an individual design
has value for the company.
Even this simple example shows that option values stemming from the flexibility of a
design should be included when calculating the value of projects in order to make correct
decisions. In actual product family development processes, many more decision stages
exist, and more than one variant will usually be developed. The more decision points
imbedded in the development process, the more options exist and therefore the greater
difference in value between a simplistic DCF calculation and an options-based
calculation.
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Figure 6.3 - Generalized platform-based product family development
The probability terms imbedded in these models represent the uncertainty present in the
development process. The degree of uncertainty depends on a mix of endogenous factors
(related to the design choices that are made) and exogenous factors (unrelated to the
design, but still affect the outcomes). The modeling approach to capture these
uncertainty factors follows.
In Chapter 3, the uncertainty was represented by the term Pri, as the total probability to
reach an outcome Oi for a variant i. Here, Pri is decomposed into three factors related to
the stages of the development of a platform-based product family.
Figure 6.3 shows a generalized view of the development of a platform-based product
family and the stages of this process. When selecting a platform and the associated
family design, the firm is making the decision at the root of the tree. If the platform is
chosen and funded, its development begins. At the end of the development of the
platform (which could be successful or not), the firm has to decide whether to develop the
first product (product A in the figure) based on the platform. If a variant approach is
chosen, then the variant itself needs to be developed. The finished variant is then
commercialized and the outcomes realized. Finally, the firm needs to decide whether to
offer the next product (B in the figure) as a variant or individually designed. The
modeling of the uncertainty present in each of these three major stages is described in
detail in the following sections.
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Uncertainty during Platform Development
The ultimate performance of a chosen platform will be uncertain at the time the
development project investment decision is made. One or more tests will usually take
place to determine the performance of the platform as it is developed. The outcome of
each of these tests can be represented as a chance event with an associated probability of
success, Prpiatf.success, where
Prplatf.success = f (Xp, ) (6.3)
If investment into the platform is done in stages, for example, based on design reviews,
then these stages can be modeled as further decision nodes in the trees with associated
investment quantities depending on the choices made.
Uncertainty during Variant Development
At the end of the development of the platform, the company has the choice to invest
further into developing each variant, or to abandon the platform and develop the desired
product either individually or based on a different platform. By the time the decision
needs to be made, it will be known whether the capabilities of the platform fit the
requirements of the variant; however, at the beginning of the family development this
match is uncertain and needs to be represented by a probability, Prfit, . This term will
depend on the performance of the variant, y, , and the performance requirements of the
desired product, ft , where
Priti = f (vj ,fi i)= f (p,vi ,uii) (6.4)
The choice of platform variables, X,, affects the flexibility available to accommodate
changes in the requirements of the variants later in the development. An inflexible
platform coupled with changes in the requirements of the variants may result in infeasible
designs.
We can represent the uncertain requirements of a product, i, as well as the performance
of the same product built as a variant, Jy, , using probability density functions (pdf's).
The probability that the product can be built as a variant is a function of the pdf's of the
platform-based product performances and the product requirements. If these functions do
not overlap (and the pdf for the variant outperforms the product requirements) then the
probability of fit of the variant given the chosen platform is defined as 1. Conversely, if
there is no overlap, but the variant performance distribution is worse than the
requirements, the probability of fit is 0. If there is overlap between the two distributions,
the probability of fit is described by the portion of the variant performance distribution
not overlapped by the requirements, or I minus their intersection. This idea is shown
graphically in Figure 6.4.
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Given probability distributions for the products' performances and requirements, one can
find the probability of the platform fitting the requirements for each desired variant,
Prfi~t , either analytically or through Monte Carlo simulation.
Uncertainty of Variant Outcomes
Even if the platform fits the requirements for the desired product offering, a company
needs to decide whether it will create the product as a variant or individually, depending
on the expected benefits of each alternative. These benefits depend on the probability of
success of a given design, which is a mix of endogenous and exogenous factors. For
example, a successful application may depend on the flexibility of the design to
accommodate variability in the customers' preferred performance. It may also depend on
factors exogenous to the design, like the state of the economy, or changes in the
environment in which the product operates. Then,
Prsuccessi = f (-P,iv4i, ) (6.5)
Finally, these probabilities of success also likely depend on the previous success or
failure of previous variants. Then these are conditional probabilities that are represented
in the different branches in the development tree models.
6.4.2. Product Family Selection
Once an appropriate design model and a development tree model have been constructed
for each alternative family under consideration, the process of selection may begin.
Design model outputs are used to quantify the expected performance metrics outcomes of
each design such as cost savings, performance improvements, or utility to the company.
These outcomes are the quantifiable payoffs for each of the possible development paths,
or branches in the family development models. Working backwards through the
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development trees and incorporating the effects of the different sources of uncertainty,
one can calculate the expected value of the initial investment into a particular family
design.
The higher the value of the investment into a design, the more attractive that family
becomes to the firm. However, one needs to also consider the sensitivity of these values
to all the uncertain factors, in order to pick a design that is not only a good investment,
but also a robust one. We now present the analysis.
6.4.3. Application
In this section, the approach and models are applied to the design and evaluation of
families of spacecraft studied at JPL. This is a continuation of the example presented in
Section 4.4, which focused on the appropriateness of three alternative
telecommunications platforms for supplying the needs of the planned set of future
missions. One or more of these platforms could be used, depending on the value they
returned to the organization.
To summarize the example previously introduced in Section 4.4, the three platforms were
(a) the current X-band telecommunications network and technology, (b) the higher-
frequency Ka-band based system, and (c) the newer and higher-frequency Optical
technology. The variants were the future missions that would choose one of the platforms
as the basis for their telecommunications functions. The main questions to be answered
by this study were whether all, some, or only one (and if so, which one) platform should
be funded and further developed, and what were the sensitivity of these decisions to
different uncertain factors and assumptions.
Figure 6.5 shows the steps involved in applying the proposed method to a product family
design problem. Each of the steps is described below, in the context of the
telecommunications platform case. Steps 1.1 through 1.3 were covered in Chapter 4 for
this example. Steps 2.1 and 2.2 are detailed below.
82
Figure 6.5 - Overall structure of method to design and select a product family
Step 2.1- Modeling the alternative development processes. Interviews with
telecommunications and ground system experts were then conducted to first determine
the development paths for each of the platforms, and also to get estimates of investments,
risk factors, and probabilities to fill in the resulting trees. Data was also obtained from
technical reports that compare the three telecommunications platforms in terms of cost
and risk factors. Often there were differences in the estimates, which were then used to
model probability distributions to represent these factors. For example, the investments
required were modeled as normally distributed with a standard deviation to accommodate
the uncertainty in the estimates. Other inputs such as probabilities of success were
modeled as triangular distributions, with a minimum, maximum, and most likely
expected values.
The data obtained from the interviews and reports was first used to determine the
probability of success for each platform development effort, or Pplatf.success as shown in
Equation 5. Finally, further data about the telecommunications requirements of each type
of mission, fi, and the capabilities of variants built on each platform, j, were used to
find the probability of fit between each mission type and platform, or pfit, through
Monte Carlo simulation, as was shown schematically in Figure 6.4.
Finally, the total benefits found for each platform-based family in Step 1.3 were entered
as the outcomes or payoffs in the development trees, including the uncertainty around
these outcome values as distributions.
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Step 2.2- Selecting from among the alternatives. Once the trees were filled in, the
models were used to obtain both the value of investing into each family and the
sensitivities to uncertainty in the model inputs such as the cost savings estimates, the
investments, etc. The value of each platform investment was calculated using the
options-based formulation shown in the example in Figure 6.2 and Equation 6.2. A
spreadsheet-based Monte Carlo simulation software package was used to model the
distributions in uncertain parameters and to calculate, through simulation, the distribution
of the model output, that is the value of the investment. The same simulation also yielded
a sensitivity analysis of the effect on the output by the uncertain inputs to the model.
Then, different scenarios could be explored. For example, it was possible to calculate the
value of investing into each of the platforms for cases where the roadmap of missions
was larger or smaller than the nominal, assuming that the mix of missions remained the
same.
Knowing the distribution of the value of each platform investment and the sensitivity of
this value to uncertain factors, a platform could be selected for each scenario considered.
The results of this analysis are shown in the next section.
6.4.4. Results and discussion
Of the three platforms and corresponding product families studied, the one based on
existing technology and infrastructure (X-band) was taken as a baseline case; the other
two were then compared to the baseline family. In Figure 6.6, we present the results of
one of the scenarios that were explored to select a platform design. Given the uncertainty
in the inputs assumed in this case, and the assumed roadmap of missions, the distribution
of the value of the Ka-band based family of missions is shown. In this scenario, this
family design was found to provide a positive value to the organization. The investment
was expected to return fewer benefits than the costs involved only in a small percentage
of the simulation cases. That indicates that in this case it would be worthwhile to make
the initial investment into that platform.
It makes sense that the Ka-band based mission family design would be a good investment
for NASA, since it would require a low application (or commercialization) investment,
and it was found to produce cost savings over the baseline design and have good
probability of mission success. The optical-based family explored in this scenario had
higher required investments, lower expected savings from the assumed roadmap, and
increased risk levels, so it did not appear as a good investment for the firm. In different
scenarios, however, the optical-based family also became a worthwhile investment. For
example, for larger numbers of missions, or for increasing levels of uncertainty in the
outcomes, the value of the optical platform also became positive. These results highlight
the need to form a consensus among all the parties contributing the inputs to the models
as to what are reasonable ranges or distributions for the inputs in order to be able to make
meaningful decisions based on the outputs.
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Figure 6.6 - (a) Distribution of Value for Ka-band platform investment, and
(b) sensitivity of that value to uncertain factors.
The sensitivities of the Ka-band-based family investment value are also shown in
Figure 6.6. The magnitude of the correlation between the uncertain input factors to the
model and the output value distributions are shown. The value distribution is most
sensitive to the uncertainty in the cost savings estimates from two of the types of
missions studied. Other significant factors include the risk factors which are used to
calculate the probability of variant success, or Psuccessi , and also the amount of the
investments required for application of the platform to actual missions (for this type of
product there is no "commercialization"). Similar sensitivity graphs were obtained for the
other platforms and scenarios studied. These graphs point out which factors and
assumptions need to be considered in more detail in order to make accurate platform
selection decisions.
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In the real situation for this case, the organization had already funded the different
platforms shown. This contradicted the results found by using the models for one of the
platforms. Thus, decision-makers at the organization must have considered, even if not
necessarily explicitly, that there are other sources of value that make the investments
worthwhile. As mentioned earlier, in this study only cost savings were considered as the
outcomes of the development projects; there also may be performance enhancements and
added capabilities that are valuable to the organization, but these were not accounted for
in this application of the models.
Applicability of models
It is important to consider the type of project that the models are being used to value.
Some projects, in particular longer-term development efforts, may present other sources
of value to the firm that are not quantified by the performance and economic measures
reported by the design models shown in this paper. Development of a basic platform
could include, for example, developing new technologies that could be used by the firm
in products outside of the family under study. These capabilities add value to the project;
however, they may be difficult to quantify. Other examples of intangible sources of
value might include improvements to a company's public image or product awareness, or
the value of national pride or international cooperation in the case of successful
spacecraft missions. This analysis shows whether the investment can be justified based
only on the benefits from currently planned products. Other product types might be
conceived if additional platform capabilities existed. If those possibilities were
quantified, they could also be included in the calculations of value shown in this paper.
Several researchers have pointed out the use of outcome-based metrics for selecting
projects is better suited to shorter-term development tasks, where outcomes can be more
readily quantified, while still valuable as part of the selection process for longer-term
endeavors (Hauser and Zettelmeyer, 1997; Neely, 1998).
6.4.5. Conclusion
Investing into the design and development of a platform-based family of products creates
options for the firm in the future. The company can choose, over the course of
developing the family, whether to develop variants based on the chosen platform or to
develop the desired products individually, depending on the expected benefits of each
approach. The ability to defer investment decisions until uncertainty is resolved, and the
ability to cut the downside losses if a design does not look promising, are of value to the
firm. This extra value is the value of the "real options" available during development. It
must be accounted for when evaluating alternative designs, since different design choices
open up different options during development - flexible designs will be able to
accommodate more variation in requirements, for example, but may also require larger
investments.
We have presented a model for the design and selection of families of products based on
decision analysis and real options concepts. These models allow designers to quantify
the value of alternative product families and select the ones that are more valuable to the
86
firm. They also account for uncertainty during development and commercialization of
the products, and incorporate the effect of design choices on the uncertain factors.
An example from the spacecraft design field shows the use of these models to evaluate
alternative telecommunications platform investment decisions. The main drawback found
in applying these models is the difficulty of valuing non-monetary benefits such as
performance enhancements, in particular for spacecraft, since they are not sold on a
market and their benefits are therefore harder to value.
6.5. Qualitative, multi-criteria approach
Selecting a design based on value to the organization as outlined above may be too
restrictive, however. Products such as spacecraft or other government projects that are
not sold in a market have outcomes that are hard to quantify. For example, it may be
possible to estimate the cost savings of switching to a new technology, but hard to
determine the value of extra data returned by a scientific mission. Those data are not sold
and have other sources of value to the organization, such as increased public image,
national accomplishment, etc, which are known to exist but are not easily quantified in
monetary terms. For a military application, for example, cost savings can again be
quantified, but human and battlefield losses cannot be easily reduced to a monetary value.
In such cases, where several evaluation metrics must be considered but cannot be easily
quantified, one approach to selecting designs is to qualitatively assess the performance of
each concept in each of the evaluation criteria. The approach is similar to the Pugh
selection method (Clausing, 1996), only applied to the selection of families of products,
rather than individual ones. A matrix like the one shown in Figure 6.7 is constructed for
this analysis. The columns of the matrix list the alternative platform-based families to be
considered. The rows of the matrix contain the evaluation criteria that will be used to
judge the concepts. At the beginning of the selection exercise, one of the alternative
concepts is chosen as the baseline case against which the others will be compared. One
possibility is to select the family of individually designed products as the baseline, since
this is most likely what the organization would create if a suitable platform were not
found. The remaining entries in the matrix are the ratings of each alternative for each of
the evaluating criteria, compared to the baseline. These ratings can take the form of
+ for a better rating than the baseline,
" for an equal rating, and
" - "for a worse rating.
Once the design team has populated the matrix, the entries in each column are totaled as
follows: add +1 for each "+," 0 for all "/," and -1 for each " - " The totals are
recorded at the bottom of each column.
The concept with the highest total rating is not necessarily the one that should be chosen,
but it is the one with the highest number of criteria on which it is rated better than the
baseline alternative. The main purpose of the exercise is to point out the areas where
concepts excel or are lacking, and to generate alternative concepts that may combine the
good attributes of the explored alternatives.
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PLATFORM 1 PLATFORM 2 ...
ABC ... N A B C ... N
Criteria 1 -- / + - -
Criteria 2 -- / / + _
Criteria m -- L- . - +
TOTAL 0 -2 +1 -3 0
Figure 6.7 - Evaluation matrix.
This selection method is intended to help decision makers choose from a set of Pareto
optimal designs for the intended family, in cases where many of the attributes that need to
be considered are not easily quantified into monetary terms. In the following section, we
show an example of how this method was implemented to select from among different
spacecraft families based on alternative telecommunications technology platforms.
The finished families of spacecraft were then compared using an evaluation matrix as
described in the Approach section. Overall, the X-band telecommunications platform
had the highest number of superior ratings as compared to the other alternatives. While
some mission design engineers agreed and argued for this result, it seems to go against
the actual decision taken by NASA, which was to continue funding of both new
technologies, Ka-band and optical telecomm. There are several reasons for this disparity,
as revealed during the decision making process.
First, the relative importance of each criterion must be considered. The cost savings and
capacity criteria were more important to NASA overall. That is, the capacity of the
ground network was a very important factor affecting the decision. In this study, it was
known that the current X-band network could not supply all the needed capacity unless it
was expanded by adding additional stations. Faced with the choice of spending to
expand current technology or funding a potentially groundbreaking though riskier new
technology, NASA chose to do the latter, reflecting its higher risk tolerance.
Another reason for the actual choice made may be that the newer technologies provide
more flexibility to requirements changes than the existing platform. In this study, it was
assumed that flexibility was not necessary, since the science goals were fixed. Had the
science requirements been much more demanding, some of the platforms may not have
been able to deliver enough performance. The previous section showed one way to
quantify the flexibility of the designs to such uncertain changes through a quantitative
analysis. If uncertainty is present during the development of the product family and
needs to be considered, the qualitative selection method shown in this thesis can be used
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PLATFORM -
A B C ... N
PLATFORM
X-Band Ka-Band Optical
VARIANTS VARIANTS VARIANTS
A B C D A B C D A B C D
Cost V V I/ + + - - + - - -
Launch Margin____
Weather risks -V- _ - -V__
Link geometry constraints V VI/ V V V -
Navigation risks V V /
Emergency telecomm. WII V V
_E7 -~ - -_ - _- -_Investment required - - - -
Development risks -/ - -/ - -
Flexibility to roadmap changes V V V V V V + + + +
Ground network capacity V v V V + + + + + + + +
Totals by variant type 0 0 0 0 -2 -2 -4 -4 -3 -5 -5 -5
Totals by family Baseline -12 -18
Figure 6.8 - Evaluation matrix for spacecraft case.
to narrow the alternatives to the best few. These can be then analyzed in more a more
detailed quantitative manner before the final choice is made, as shown in the previous
section.
It is possible to assign weights to the different criteria and attempt to select a superior
design that takes into account the different preferences of all the stakeholders.
Combinations of preference weightings will cause different solutions to be picked, all of
which may in some sense be Pareto optimal. Then, one cannot really say one of these
solutions is better than the others except for a particular set of weights. The main
purpose of this type of qualitative selection is instead to point out the superior aspects of
each alternative with the goal of creating new alternatives that combine these good
qualities.
Finally, if one considers the rating of single types of variants (such as only considering
the column ratings of variant A in Figure 6.8) instead of looking at all four types studied,
the Ka-band and Optical platforms look more viable. If the organization could afford to
build more than one of the platforms, then not all mission types would have to be built on
the same platform, which would yield set of families built on multiple platforms. One of
these sets of families may outperform a family based on a single platform. For example,
a Ka-band platform could become the basis for missions of types A and B in Figure 6.8,
which show some advantages over the existing X-band, but not be used for mission types
C and D. Similarly, optical technology may be considered only for missions of type A.
In these cases, the costs of maintaining more than one platform simultaneously would
have to be considered.
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6.6. Chapter Summary
In this chapter, an evaluation method was presented to quantify the value of a product
family design. This method can be used to compare different designs and select an
alternative that provides not only a high value to the firm, but also value that is robust to
potential changes during the development of the family. This quantitative approach is
based on decision analysis models of the development of the product family. An
alternative, qualitative method was also introduced in an effort to consider multiple
criteria for the same selection purpose, instead of a single metric as with the first
approach. Results from applying both methods to the multiple spacecraft design example
shown in Chapter 4 are reported and discussed.
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7. Conclusions
7.1. Thesis Summary
Platform-based product families are a popular way for companies to offer increased
variety into markets, while containing the resulting complexity of developing such
products. Although management approaches exist to guide the development of platform-
based families, few quantitative models exist to help designers select appropriate family
designs.
This thesis presents a theoretical basis for modeling the design of platform-based product
families. The problem is formulated as an optimization problem, where the requirements
of the desired variants must be balanced against family objectives, such as maximizing
the value of developing the whole family. A general case is first formulated that covers
the effects of designing multiple products based on a platform on both the outcomes of
benefits, and on the investments or costs of producing the family. For complex products,
however, this formulation becomes too cumbersome to be practically implemented.
Instead, the problem is simplified by splitting it into a two-step optimization approach.
The first stage considers the technical details of creating feasible product families that
satisfy the requirements of the variants while optimizing the expected value to the firm.
The second stage considers the effects of uncertainty during the actual development of
the product family on its value to the firm. This stage evaluates the worth of alternative
designs created in the first or technical stage in order to select the most appropriate
choice of family.
The first stage of the overall approach is further detailed for two types of platforms:
integral, where the platform is shared by all the variants, and modular, where the platform
is a set of shared modules which can be combined and swapped to create the different
derived products. The optimization formulation is different for these two cases, but
similar implementations are constructed around these problem statements to design
alternative family designs for complex products. Illustrative examples are provided to
show the implementation of these methods to a spacecraft subsystem design problem,
both for integral and modular platform designs. An actual case study of multiple
spacecraft design based on alternative telecommunications technology platforms is
covered in more detail. Applying the methods in this thesis to that example resulted in
alternative family designs, all of which were technically feasible. The approach pointed
out some resulting solutions that had not been previously considered.
The second stage of the optimization approach evaluates the resulting technically feasible
designs to select the most valuable to the company. This stage uses a model of the
development of the family built with decision analysis tools and real options concepts to
model the value of each design under development uncertainty. Simulation can then be
used to evaluate the value of each alternative and its robustness to changes in uncertain
factors that may happen during the development process. An alternative selection
method using a qualitative, multi-criteria approach is also presented to account for other
decision factors that are considered when making a design selection.
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7.2. Discussion
The optimization formulations presented in Chapters 4 and 5 have been solved through
traditional numerical search methods to produce optimal platform-based designs when
analytical models exist to describe the product family and the effects of sharing
components. For complex products such as whole spacecraft systems, however, such
level of detail and integration in product models usually does not exist. The
implementation approach in Chapter 4 attempts to get around this problem by using the
expertise of design teams that already exist to provide enough information about the
effect of platform sharing decisions. Although the presented approach does not guarantee
an exhaustive search, it does provide a practical method that can be added to existing,
successful design processes to explore multiple products and commonality among them.
This implementation has been shown to produce technically feasible product family
designs for spacecraft that share an integral platform. It has also been able to uncover
previously disregarded solutions that match the system performance metrics of
alternatives previously considered to be the only viable designs.
A drawback of the implementation, however, is the level of resources required to create
and interactively optimize the alternative solutions. For the spacecraft example, these
design exercises involved more than a dozen engineers for several morning-long sessions,
plus the use of significant computer resources, as well as lots of preparatory meetings and
off-line analysis work. On the other hand, for this type of product, the resources spent on
planning an appropriate design are a small fraction of the total cost to develop a finished
product. Also, the described approach provides an opportunity to analyze investments
into platforms that cost in the range of hundreds of millions of dollars, as is the case in
the telecommunications ground networks described in Chapters 4 and 6. A small
percentage savings in such projects would easily pay off the required resources to
perform an analysis as shown in this thesis.
Finally, the evaluation and selection models shown in Chapter 6 have been shown to be a
valuable method of quantifying shared-technology funding decisions. The results
produced by the proposed quantitative method matched the decisions taken by NASA to
fund their next telecommunications platform. It also highlighted the sensitivity of the
results to different uncertain factors, which points to the flexibility of the platform to
changes during the development of the planned future missions roadmap.
The qualitative multi-criteria selection approach also shown in Chapter 6 seems best
suited for alternative family concept design generation, rather than for basing funding
decisions directly. Its sensitivity to the chosen list of criteria to be evaluated makes its
numerical results not very robust. It would be best applied as a communications tool for
engineers to trade-off objectives and generate superior alternative concepts, which can
then be analyzed in more detail using the technical design and quantitative selection
methods shown in this thesis.
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7.3. Future Work
The examples of spacecraft products shown in this thesis do not include models of
revenue for marketed products. Similarly, they assume that a suitable product
architecture already exists or has been specified. The models shown here could be
coupled with customer-needs based approaches to first select architectures that address
the variety desired by customers, and then create and evaluate detail product family
designs within that chosen architecture. Models such as those shown by Moore et al.
(1999), for example, could also suggest candidate platform and variant designs from
customer conjoint data that can be further modeled using the approach in this thesis to see
the full effect of platform design decisions.
An area for further improvement in the evaluation and selection stage of the method
shown here would be the development of multi-attribute, quantitative models for
comparing alternative designs. Such a model would combine the strengths of the two
approaches for selection shown in this thesis, that is, the ability to consider multiple
criteria like a Pugh concept selection, but in a quantitative manner like the options-
thinking approach. One possibility for such a model would be to develop a set of
quantitative metrics such as ratios of expected performance over investments required for
each criterion to be considered, which included the value of making decisions over the
timeframe of the development of a family. The flexibility of alternative designs over
different performance attributes, not just a single measure of value, could be explored.
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9. Appendix A
This section details the spacecraft model used in the examples shown in Chapters 4 and 5.
This simplified product model of a spacecraft describes (at a high level) the relationships
among the telecommunications, power, and science subsystems, and their effect on
technical performance as well cost of the spacecraft system. For more detailed
descriptions of each spacecraft subsystem and their relationships, see Larson and Wertz
(1992).
9.1.1. Science subsystem
The science subsystem is composed of a science instrument, which is described by:
(a) the volume of science data it generates, (b) the power it consumes, and (c) its cost,
which is in turn determined by its mass, design life, type, reuse, and origin. In the
examples, a catalog of three science instruments was used. These three instruments are
described in Table 9.1.
Table 9.1 - Catalog of science instruments.
Instr. Data Power Instr. Design Instr. type Discount University
volume (W) mass life for reuse -built or
(bits) (kg) (years) other
1 2.OE+08 1 8 4 Magnetic 67% Univ.
fields
2 5.OE+08 5 8 4 Charged- 67% Univ.
particle
3 5.OE+09 10 8 4 X-ray 67% Univ.
The power consumed by each instrument, Pscience, is shown in Table 9.1. The cost of the
science subsystem, ci,,,t (in $M), is derived from the cost-estimating relationship for
payload instruments for current NASA spacecraft presented by Rosenberg (1998), and is
given by the relationship:
Cinst = 1.07 -2.65 - M ins, 0.57 ). Injstlife 0.45 ) 0.31 1 'ttype . 0.3 8 Insttype2 .(0.6 3 build ). (I - Dil )nstreue
(9.1)
where
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mass of the instrument.
Instlite : instrument design life.
Insttypel: binary variable indicating the type of instrument; equals 0 for electric
field instruments, 1 for magnetic field instruments.
Insttype2: binary variable indicating the type of instrument; equals 0 for x-ray
instruments, 1 for charged-particle instruments.
Dinlst :discount factor for copies of existing instruments.
build: binary variable indicating whether the instrument is built by a
university (0) or not (1).
Inst reuse: binary variable indicating reuse of the instrument; equals 0 for original
hardware, 1 for copies.
9.1.2. Telecommunications subsystem
The telecommunications subsystem is reduced in this model to two main components: a
high-gain antenna and power amplifiers. These are described by the design variables in
the examples. The high-gain antenna is described by its diameter, dant, and the
amplifiers by their power rating, RFpwr, (note that this is not the same as their power
consumption).
The cost for an X-band frequency telecommunications subsystem, Cteleom,, (in $M), is
also derived from Rosenberg (1998), and given by:
Cteeco ,= 0.17 -M teleon, + 0.98. R + 10.45 (9.2)
where
M telecomn: mass of the telecommunications subsystem (kg).
R :redundancy level for the spacecraft; for this example, this parameter
was set to 2 (selected redundancy).
The mass of the subsystem was modeled as a function of the antenna area and a constant
for additional telecom components as follows:
M telecom =, 20. (dant / 2)2 +6.0 (9.3)
The power consumed by the telecom subsystem (in Watts) was modeled as follows:
Pteleconm = RFpwr .8 (9.4)
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9.1.3. Power subsystem
The power subsystem is modeled as a single component, a radioactive-isotope power-
generating unit (RTG). It is described by a single metric, its power output, Pgen . Its cost
is calculated by the following relationship (also from Rosenberg (1998)):
Cpower = 0.002. rad +0.111- Pgen +5.27 (9.5)
where
rad: radiation level (in rads), in this example, this is set to I krad.
9.1.4. System performance
The performance the subsystems are then linked into a system performance model as
follows.
Power
The total power consumed by the spacecraft, Ptotaj, at the worst-case operating mode,
assumed to be when both the science instrument and telecommunications are running, is
modeled as:
Potal " wscience + Ptelecont (9.6)
The power margin for the spacecraft is then given by:
Pin arg in = Pgen - Ptotal (9.7)
The power margin should always be positive in order to have a feasible spacecraft.
Usually the minimum margin is set to a specified percentage of the power generated.
Download data rate
The download data rate achieved by the spacecraft and ground receiver network system
(in bits/sec) is given by the following relationship (see (Larson and Wertz, 1992), section
13.3.2):
Data rate = 1 0 01.[(-E, / No +P+L+G,+Lj+L+La+Gr+Lr+228.6-101ogT (9.8)
101
where
Eb /NO:
Pt :
Gt:
LO :
LS:
La:
Gr:
L,.:
TV :
ratio of received energy-per-bit to noise-density.
transmitting power of the amplifiers.
transmitter-to-antenna line losses.
transmitting (spacecraft) antenna gain.
pointing losses of the transmitting antenna.
space losses.
transmission path losses.
gain of receiving antenna (on the ground).
receiving (ground) antenna pointing losses.
system noise temperature.
Some of the terms listed above were fixed for the examples in Chapters 4 and 5, and were
therefore treated as parameters in the optimizations. The values used are typical for the
type of telecommunications for deep-space spacecraft and are listed below.
The energy-per-bit to noise-density ratio, Eb /No, was set to 13dB. The transmitter-to-
antenna line loss, L, , was set to -3dB. The space losses depend on the distance between
the spacecraft and the Earth, and are therefore different for each mission. The space
losses can be calculated by the following relationship: L, = 147.55-20 log S -20 log f , where
S is the transmission distance and f is the frequency used. For the examples in Chapters
4 and 5, it was assumed that the current X-band frequency was used for the
transmissions. Table 9.2 lists the resulting values for space losses for each of the missions
that were modeled.
Table 9.2 - Space losses.
Mission Destination Distance Frequency Space loss
(i) (GHz) (dB)
I Mars 1.13e9 8.5 -232.1
2 Jupiter 6.30e9 8.5 -247.0
3 Neptune 4.35e10 8.5 -263.8
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Transmission path loss, L- was set to a tvnical value of -3dB. The gain of the receiving
ground antenna was calculated for the existing 34m diameter NASA Deep Space
Network antennas through the following relationship for circular antenna gain:
G = -159.59+ 20 log f +10 log q +20 log d (9.9)
A typical value for 7, the efficiency of a parabolic antenna, is 0.55. For the receiving
antenna then, the gain, G,, was calculated to be 67dB.
The ground antenna pointing loss, L,, was calculated as follows:
L, = -12. 21er (9.10)
2 GHz * dr
where er,, is the receiving antenna pointing error, set to 0.1 degrees for this example,
fGHz is the transmitting frequency in GHz, and dr is the diameter of the receiving
antenna. Then, the receiving antenna pointing loss was calculated to be -22.7dB.
Finally, a typical system noise temperature, T, for downlink frequencies of the range
chosen is 552K.
The remaining terms in Equation 9.8, Pt, G,, and LO are functions of the design variables
chosen for the examples in Chapters 4 and 5. These terms are detailed below.
The transmitting power is given by the following:
Pt =I0 log RFpwr (9.11)
The transmitting (spacecraft) antenna gain is calculated with Equation 9.9, with 17 = 0.55,
and d is replaced by the spacecraft antenna diameter, dant- Then,
G, = -159.59+20 log f +10 log q+20 log dan (9.12)
The pointing loss for the transmitting antenna, LO, can be calculated with Equation 9.10.
In this case, dr is replaced with d,,, and erwith. Then the pointing loss, LO, was
calculated for a typical pointing accuracy, e,, of 0.1 degrees as follows:
LO = -12. ' t (9.13)
2 fGHz -'dant
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Telecommunication passes
The number of passes or telecommunication periods needed to download the data volume
to the ground is a function of the data rate, the data volume, and the length of each pass.
For a pass length of four hours (excluding time used for telecommunications purposes
other than downloading science data) and a science operations phase of two years, we can
calculate the number of required passes per week as follows:
Weekly Passes = Data volume
Data rate -3600 -4 -104
The cost of spacecraft operations (from Rosenberg (1998)) is then:
Cops = 1.44-(Weekly Passes)+ 0.004 -(Data rate)+ 0.012 -(Data Volume)+ 7.28 + 2 . exp(1.14 + 0.50. (Weekly Passes))
(9.15)
Cost
The cost of each spacecraft can be calculated by adding the costs of the individual
subsystems listed above including any discounts from sharing across multiple spacecraft,
plus the cost of operations and a constant to represent the cost of the remainder of the
spacecraft, as follows:
Cojission = Csv(ienre-(I - Dsuien(.e )rwience + Ctelecorn '(I - Dtelecom )telecom + C power .(1 - DpowerPower + Cps + constant
(9.15)
where rscince, releco,, rpwer are the number of times each respective subsystem has been
used in previous spacecraft, and Dscience, Dteleco, Dpower are the discounts for sharing
subsystems as a platform across missions, when applicable.
The family cost is then simply the sum of the individual mission costs:
C fotal = ECmissioni (9.16)
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